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battery cooling method is presented that makes use of two different phase change
materials (PCM) arranged in various ways inside a battery pack. In this study, RT50 and
RT60 PCMs are utilized to evaluate the combined thermal performance to that of a
single PCM. A variety of configurations for the phase change material are used
between battery pack cells, including trans-axial, trans-radial arrangements and
compared against the performance of individual PCM. The effectiveness of passive
cooling is evaluated in the current study for a variety of layouts that are exposed to
external convection circumstances at a constant ambient temperature of 25°C. The

Keywords: transient behaviour of the battery cell temperature and its effects on PCM architecture
Phase change material; lithium-ion at various melting stages are investigated in the current work. The heat transmission
batteries; liquid fraction; CFD; trans- characteristics and melting phenomenon to suggested phase change materials
radial arrangement arrangements is assessed.

1. Introduction

Climate change has emerged as one of the major environmental issues of recent years.
Governments are concentrating more on cleaner and leaner energy to address this issue and lower
GHG (Greenhouse Gas) emissions as indicated by Panchal et al., [1]. Due to this, the automotive
industry was subject to strict restrictions requiring HEV (Hybrid Electric Vehicle) and EV (Electric
Vehicle) adaptation in order to dramatically cut emissions. A lithium-ion battery is a crucial
component of any HEV or EV system, powering it throughout various driving cycles. As a result,
maintaining the system in ideal operating conditions is necessary for a longer product life cycle. The
advantages of lithium-ion batteries include their high energy, high power, and longer life. Rapid
charging, high load capacity, and low self-discharge are other features. Li-ion batteries are therefore
more promising than conventional batteries as a result. Li-ion batteries are utilized in EVs due to their
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safety, affordability, longevity, and low temperature performance. Chen et al., [2] suggests the Li-ion
batteries to stand out among the batteries used in EVs and HEVs due to their superior performance,
high specific energy, low self-discharge, low maintenance requirements, extended cycle life,
lightweight nature, and flexible design Batteries typically exhibit unsatisfactory thermal behavior and
an uneven temperature distribution under severe operation conditions. This could lead to a thermal
runaway or a degradation in performance and lifetime. Numerous studies have demonstrated that
as temperature rises, the electrolyte's conductivity also rises. Therefore, in this case, a high
temperature would enable more current to flow through it, which would result in the thermal
runaway event.

Various coolant techniques, including air, liquid, and PCM, can be utilized for thermal
management of batteries. Kumar et al., [3] investigation found that for battery settings involving a
high ambient temperature and a rapid discharge rate, air cooling is insufficient. According to research
by Kim et al., [4], Low energy density batteries can be maintained with passive cooling, however high
energy density batteries need active cooling. Due to its high specific heat, thermal conductivity, and
high heat transfer coefficient, liquid cooling is seen to be a better thermal management alternative
than an air-based cooling system as indicated by Han et al., [5]. Despite these advantages, the liquid
cooling approach has a number of drawbacks because of system design, extra weight from the
coolant flow pump, high maintenance requirements, and expensive setup costs. Kumar et al., [3]
identified that liquid cooling systems have security problems, such as coolant leaks that might result
in short circuiting incidents or battery thermal failure. Limitations of air and liquid cooling, such as
high ambient temperature, additional components, high maintenance, and cost, can be overcome
with PCM-based cooling. The large latent heat energy storage of PCM makes it possible to absorb
additional energy during phase change without any temperature increase as indicated by Keshteli et
al., [6]. On the other hand, Wang et al., [7] puts forth PCM’s drawbacks as lower thermal conductivity
(as low as 0.2 W/m.K), may interfere with the charging-discharging process during the phase change
period.

Solid-liquid PCM is initially in its solid state, it behaves as a sensible storage material and absorbs
heat as the temperature rises. Once it hits the melting point, PCM starts to behave like a latent heat
material until the phase shifts completely to liquid. Huge amounts of heat are absorbed during this
phase transition, which keeps the temperature constant until the transformation is complete. PCM
resumes its sensible storage material behavior when it becomes liquid. Al-Hallaj and Selman et al,,
[8] first employed the concept of lower battery temperature and maintain temperature uniformity
by usage of PCM. Bais et al., [9] numerically investigated for a single PCM around battery for varying
thickness and concluded that minimum of 4mm PCM thickness is required for effective battery
temperature control. Another numerical investigation is performed by Choudhari et al., [10] in a
battery ack by using PCM and fin structures. It was found that fin arrangement provided at the
interior batteries resulted in better thermal performance. Moraga et al., [11] compared one- and
three-layer arrangement of different PCM and discovered that decahydrate sodium carbonate and
three-layer arrangements had lower temperatures (eicosane, capric acid, decahydrate sodium
carbonate and octadecane). According to Naeshi et al., [12], a three-layer PCM architecture
surrounding batteries works best when a PCM with a higher thermal conductivity is placed near to
the battery. The layout also has the benefit of lowering temperature by exposing external walls to
natural convection. Jilte et al., [13] have compared single layered PCM around the battery cell and
multi-layered PCM in both the radial and axial directions have demonstrated decreased cell
temperature.

The primary goal of the current study is to ascertain the impact of high discharge rate RT50 and
RT60 melting and thermal characteristics on 18650 Li-lon battery cells. To further investigate the
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melting and temperature of the battery, several configurations including trans-radial and trans-axial
designs are numerically examined. Each configuration is accessed for its thermal behavior of PCM
with respect to its position inside its thermal management enclosure. Several thermal characteristics
like liquid fraction, battery temperature and heat transfer coefficients were examined when used in
multiple combinations among the configurations.

2. Methodology

Figure 1(a) depicts the schematic of the baseline arrangement using a single 18,650 battery
enclosed by a PCM. To represent the battery heating mechanism, a dummy 18,650 battery cell is
positioned in the center of an insulated cylindrical container. The battery measures 18 mm in
diameter and 65 mm in height, and its center is equipped with an electrical cylindrical heater
measuring 6.35 mm (1/4 inch) in diameter and 40 mm in length. The PCM-containing cylindrical
container is thought to be thermally insulated and has an inner diameter of 15 mm. The PCMs RT-50
and RT-60 utilized in this work have melting points of 47°C to 51°C and 55°C to 61°C, respectively.
Tables 1 and 2 show the thermophysical characteristics of PCMs, respectively. It is assumed that the
PCM isinitially in the solid state and that the initial and ambient temperatures are both 25°C. A typical
18,650 battery may produce 9.2W of heat at greater discharge rates of 10C, according to research by
Yang et al., [14]. In order to replicate battery heating at these high discharge rates, a constant heat
generation of 8.8W is required.

PCM 1 PCM 1 PCM 1
Mock-up Seperator Seperator
Battery
PCM 2 PCM 2
(a) (b) (c)

Fig. 1. The geometrical model used in the present study (a) the baseline arrangement; (b) Trans-
Axial arrangement; (c) Trans-Radial Arrangement of PCM inside an adiabatic enclosure

Table 1
Thermo-physical parameters of PCM materials
Density Specific Latent Solidus Liquidus Viscosity Thermal Thermal
(kg/m3) heat heat Temperature  Temperature (Kg/(m.s)) Expansion Conductivity
(J/Kg.K)  (J/Kg) (°C) (°C) Coefficient(1/K) (W/m.K)
:g 880 2000 160000 45 51 0.01 0.00091 0.2
RT
60 880 2000 160000 55 61 0.01 0.00091 0.2
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Table 2
Thermo-Physical parameters of other materials [16]
Density (Kg/m3)  Thermal Conductivity (W/m.K) Specific Heat (J/Kg.K)

Aluminum 2719 155 871
Battery 2510 39.96 1.63 1028
Heater 7930 16 500

A two-dimensional model with a single cell thickness is constructed for the numerical analysis due
to the symmetry of the model and flow behavior. To simulate the generation of heat from batteries,
the constant heat source is applied to the cylindrical heater. The battery and PCM's outside walls are
considered as thermally insulated. The PCM's numerical modeling is assumed on the following
conditions as proposed by Hao et al., Rao et al., and Javani et al., [15,17-18].

i.  Thermophysical characteristics of PCM Materials are assumed to be constant

ii. PCM material at liquid state are considered to be incompressible Newtonian fluid [19-22]
iii.  The density variations are taken into account using Boussinesq's approximation
iv.  Radiation effects are regarded as insignificant [23,34]

The governing equations used are
Continuity Equation
ap 2\
2. (pV) =0 (1)
Momentum Equation
6[_/) — — — N =
po+ p(V.V)V= —VP + uVv?V + pBG(T — Tres) + S (2)

Energy Equation

9(pH) 3

— -tV (pVH) = V. (kVT) (3)
where, p is the density of liquid PCM, Vis the velocity vector components of the liquid PCM, P is the
pressure, i is the dynamic viscosity of the liquid PCM, T is the temperature of PCM, Tref is the
reference temperature, S is the momentum source of the liquid PCM, k is the thermal conductivity
of the PCM and g is the gravity vector. The problem of phase change material melting is modelled
using the enthalpy-porosity approach and calculated as formulated by Ling et al., [25]. The liquid
portion of the phase change materials represents both the solid and liquid phases, and the enthalpy
H is therefore given as

T
H = hyer + fTRef CpemdT + yL (4)

where, hres is the reference enthalpy, L is the latent heat of PCM. The following equation is used to
compute the liquid fraction y,

54



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 104, Issue 2 (2023) 51-64

0,if T<T,
1Lif T>T, (5)

T-T;

ﬁ.lfTSSTSTl

']/:

where, Ts is the solidus melting temperature of PCM, T, is the liquidous melting temperature of PCM.
This represents that PCM is in solid state when y=0, and in liquid state when y=1. The region between
0 and 1 is known as mushy zone.

The ANSYS Fluent commercial fluid flow solver is used for solving the governing equations. The
melting characteristics are captured by creating a uniformly structured grid. The ambient
temperature of 25°C and at this temperature PCM remains in its solid state is used as the initial
conditions to simulate this physics. The cylindrical enclosure with PCM material is assumed to be at
completely adiabatic in nature. Hence, the cylindrical enclosure is not modeled and exterior face of
the PCM is assigned to be adiabatic wall condition. The PISO algorithm is used to couple the equations
for pressure and momentum. The quantities solved are discretized using a second order upwind
method. For pressure corrections, the PRESTO scheme is employed. For the convergence, the under-
relaxation factors default values are utilized. For continuity, momentum, and energy, the residuals
are set to 1x10® and 1x10°, respectively [26]. After 100 inner iterations, the convergence
requirements were satisfied. For this investigation, 0.1s of time step and quad cells with a 0.25mm
size are employed. The simulation required the full power of the workstation for around one day to
fully resolve the melting problem.

The prior numerical analysis serves to validate the used correlations and numerical methodology.
The melting of paraffin wax inside an aluminum enclosure was substantiated by Yang et al., [14]
numerical simulation. The Figure 2(a) presents numerical data for PCM liquid fraction over time with
an 8.8W battery heat. PCM remains to be in solid state until 200 seconds to receive heat from battery
as sensible heat. Thereafter, the PCM starts to melt and stores the heat from battery as latent heat
to reduce the battery temperature.

1; 360
Yang etal (2017) .~ |
----------- Simulation s
—~ 0.8 :
X < 340
c i S
S 0.6 <
8 | ® 320
[ 1 Q 1
e 0.4- o
= £
=} o 1
2 o = 3004
-, Yang et al (2017)
1 K Y I e Simulation
00— 500 1000 1500 2000 2805 500 1000 1500 2000
Time (S) Time (S)
(a) (b)

Fig. 2. (a) The variation of liquid fraction in present study and simulation of Yang et al., [12] (b) The
variation of battery temperature in the present study and simulation of Yang et al., [12]

At the end of 2000 seconds, the PCM is completely melted and starts to store the heat as sensible
heat. The Figure 3 shows that the liquid fraction contours of the current investigation and those of
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the prior numerical analysis are in within 10% error and captures the melting trend in good accord.
The Figure 2(b) represents the numerical data of battery temperature over time with 8.8W of battery
heat. Until 200 seconds, the temperature increases steeply up to 51°C and then it reduces the level
of temperature increase until 1000 seconds to 71°C. The temperature almost remains constant up to
2000 seconds and then increases steeply to 87°C at the end of 2500 seconds. The battery
temperature of the current investigation is closely matching at the initial half of the time period and
then there is an error of 4% for the rest of the time period studied. Both the liquid fraction and battery
temperature are in good agreement with the prior numerical work.

1
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t=200s t=1100s t=1600s t=1800s t=2200s

Fig. 3. Validation of the Liquid fraction contours at various time in the
present study

3. Results
3.1 Comparison of RT50 and RT60 PCM Performance

To enable the use of PCM passive cooling technology for battery thermal management, it is crucial
to estimate the thermal properties. Under a constant ambient temperature of 25°C, the two different
phase change materials behave differently when the battery heats. It is allowed for the battery to
discharge at its maximum rate of 8.8W. Since the PCM's external surfaces are considered to be
adiabatic, there shouldn't theoretically be any heat transfer here. Heat is produced by the heater
inside the battery, and it is transferred to the PCM. At the end of 150 seconds, RT50 PCM begins to
melt, and at the end of 250 seconds, RT60 PCM begins to melt. RT50 PCM melts half of its volume
after 600 seconds, while RT60 PCM melts half of its volume after 710 seconds. RT50 melts entirely in
1150 seconds, while RT60 takes 1270 seconds to melt completely. Due to lower solidus and liquidus
melting temperatures, as seen in Figure 4(a), RT 50 melts 6% quicker than RT60. The average battery
temperature is progressively rising due to the continuous heat from the battery. The PCM in the RT50
arrangement continues to receive sensible heat when the battery temperature rises to its 45°C
melting point. After that, it keeps receiving heat while operating in latent heat storage mode until it
reaches 67°C. Figure 4(b) demonstrates that, after 800 seconds, the PCM entirely returns to sensible
heat and loses its ability to store latent heat. Similar to this, the RT60 configuration continues to
absorb heat in the form of latent heat storage up to 77°C before shifting back to sensible heat at the
end of 800 seconds when it reaches its melting point of 55°C.
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The temperature plateau was not primarily noticeable due of the high discharge rates from
battery. Figure 4(a) and (b) illustrates that after 200 seconds, RT50 has begun to melt along the
battery's sidewalls whereas RT60 is still solid. After 600 seconds, the PCM that is closer to the walls
has increased melting volume and has delayed the battery temperature increase. This continuous
until the PCM melts totally and loses its capacity to store latent heat. The lower latent heat and high
melting temperature of the phase change materials are really the primary causes of the absence of
a temperature plateau. This investigation shows that RT60 PCM has nearly 13% delay to completely
melt the PCM compared to RT50 PCM. Also, the battery temperature at PCMs peak melting point
have maximum of 10% higher than RT50 PCM. This comparative investigation demonstrates that
phase transition materials with a lower melting point and comparable latent heat capacity could
temporarily keep the battery at lower temperatures. In contrast, phase transition materials with
greater melting temperatures and comparable latent heat capacities may resist higher temperatures
for a longer period of time, which is above the functioning limits of batteries.
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(a) (b)
Fig. 4. (a) Effect of single layer PCM on the liquid fraction; (b) Effect of single layer PCM on the battery
temperature
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Fig. 5. (a) Liquid fraction contour for RT50 PCM; (b) Liquid fraction contour for RT60 PCM
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3.2 Comparison of Trans-Axial Arrangements

As covered in the prior section, the two different PCM materials each offer advantages and
disadvantages depending on their respective melting temperatures. The goal of this research is to
comprehend how these two materials behave when placed in trans-axial configurations and
separated by an aluminum separator. To improve heat transfer from the battery to the PCM, an
aluminum separator is used. For this investigation, there were two trans-axial arrangements: TA60-
50 and TA50-60. In a TA60-50 configuration, the RT60 is located on the upper half of the battery while
the RT50 is located on the lower half. Similar to the TA50-60 layout, RT50 is positioned higher while
RT60 is positioned lower. The battery is enclosed in an adiabatic enclosure of PCM materials, similar
to the prior work. The upper part of the mock-up battery receives the majority of the heat produced
by the heater, which is located inside the battery. While the battery's lower half experiences
significantly less heat than its upper half. In order to enhance the latent heat capacity of phase change
materials, melting occurs in the upper half of the material and, as a result of the buoyancy effect, the
liguid moves from bottom to top. The melting fraction of the PCM remains the same in both trans-
axial setups between 200 and 600 seconds, respectively. This is because the separator serves as a
heat dissipator from the battery to the PCM. However, with time, the RT50 PCM on the upper part
of the TA50-60 arrangement experiences more heat and cools more quickly than it does in the TA60-
50 configuration. Figure 6 (a) demonstrates that until 800 seconds into the RT50 melting phase, the
battery temperature stays between 57°C and 62°C. The temperature of the battery starts to gradually
rise as RT50 approaches the conclusion of the latent heat storage and reaches 107°C after 1400
seconds. The placement of RT60 in the upper half of the battery in TA60-50 configurations allowed
heat to be directed to the lower half of the PCM, which has a lower melting temperature. Lower
melting temperature of the PCM in the lower half and greater melting temperature in the upper half
will cause the higher heat to be directed from the upper half to lower half as the lower PCM hits the
melting temperature since the lower half receives less heat than the upper half. However, in the
TA50-60 configuration, the RT50 positioned at the upper half receives the majority of the heat due
to the lower melting temperature, and the RT60 positioned at the lower half receives a significantly
lower amount of heat due to the effect of the higher melting temperature of the RT60. The battery
temperature would be maintained between 57°C and 77°C for 650 seconds in the TA60-50
configuration shown in Figure 6(b). While the TA50-60 configuration could only sustain a temperature
range of 57°C to 62°C for a shorter time.
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Fig. 6. (a) Effect of Trans-axial PCM on the liquid fraction; (b) Effect of Trans-axial PCM on the
battery temperature
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Figure 7(a) and (b) illustrates that by the end of 200 seconds, the RT50 in both trans-axial
arrangements had begun to melt. The RT60 positioned in the top half of the battery tends to melt
at a slower rate and the RT50 placed in the lower half of the battery tends to melt at a faster rate
as the melting progresses due to the battery heat at 600 seconds. The PCM in the top half feels
heat coming from three directions, while the PCM in the bottom half feels heat coming from only
two directions. As a result, we could see that the PCM, which is positioned in the upper half, is
melting at the bottom, side, and top. Heat is transferred through the sidewalls and separator at
PCM in the lower half. TA60-50 configurations, regardless of their melting temperatures, exhibit
equal volume fractions after 1000 seconds. This demonstrates that the phase change material in
this configuration has reached a state of thermal equilibrium. This investigation shows that TA60-
50 & TA50-60 PCM configurations were nearly same up to 800 seconds for liquid fraction and
battery temperature. After which the TA50-60 configuration takes nearly 20% more time to
completely melt the PCM compared to TA60-50. Also, the battery temperature at PCMs peak
melting point in TA60-50 configurations have maximum of 10% higher than TA50-60 PCM
configurations. This indicates unambiguously that the PCM's trans-axial location has a major
impact on battery temperature.
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Fig. 7. (a) Liquid fraction contour for TA60-50 arrangement; (b) Liquid fraction contour for TA50-60
arrangement

3.3 Comparison of Trans-Radial Arrangements

To understand better its thermal behavior in terms of battery temperature and PCM melt
fraction, the two distinct PCM materials used in this work are arranged in radial directions. Two
distinct PCM separated by an aluminum separator are studied for two trans-radial arrangements. To
improve the heat transfer between the battery and PCMs, a TR60-50 arrangement with RT60 filled
in the inner cylinder and RT50 at the outside cylinder was first used. The TR50-60 configuration begins
to melt at the end of 150 seconds of heat generation from the battery, and the TR60-50 configuration
begins to melt at the end of 250 seconds. In the inner layer of the TR50-60 arrangement, as shown
in Figure 8(a), RT50 begins to absorb heat and stores it as latent heat for up to 550 seconds before
regaining its sensible heat and storing the heat. By improving the heat transfer from RT50 to RT60,
the aluminum separator enables RT60 to store the heat as latent heat. This is evident from the graph,
which shows how the liquid fraction curve abruptly changed at 550 seconds. Until the end of 1100
seconds, the latent heat storage of heat is active. After that, the RT60 loses its ability to store latent
heat. In the TR60-50 setup, Figure 8(b) illustrates that the RT60 PCM begins to melt at the start of
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250 seconds and continues to have a smooth increase in the PCM liquid percentage over the course
of 700 seconds. It takes longer for this design to melt until it reaches 40% of the liquid PCM. After
then, PCM melts more quickly under the combined impacts of RT60 and RT50 than under the TR50-
60 arrangement. For both designs, the battery's initial temperature rises continuously until it reaches
its melting point. For TR50-60, the PCM begins to absorb heat as latent heat as soon as the
temperature reaches 45°C, whereas for TR60-50, it takes a temperature of 55°C to do so. The change
from latent to sensible heat causes a dramatic increase in heat flow at the conclusion of the inner
layer's complete melting in the TR50-60 arrangement. As a result, the exterior layer of the battery
still has RT60, which will absorb heat and lower the battery's temperature. The double slope curve is
clearly shown in the figure, with the lower slope representing the inner layer PCM's behavior and the
top slope representing the outer layer PCM's behavior. PCM reaches the sensible heat storage after
completely melting in both layers, which causes a constant rise in temperature.

1 > 380
P i
] PCM 1
0.8 360
9 -PCM 2 <
§ o6 S 340
g g
& ] g |
5 0.4 g 320
= Q
g =
- ,
0.2 300,
TR50 60
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| 2 TR5060 280 TR60 50
05 — 50" 1000 1500 0 500 1000 1500
Time (S) Time (S)

(a) (b)
Fig. 8. (a) Effect of Trans-radial PCM on the liquid fraction; (b) Effect of Trans-radial PCM on the battery
temperature

The inner layer RT60, on the other hand, starts to absorb heat as latent heat from the beginning
of the 61°C and continues to do so until the temperature reaches 72°Cin TR60-50 configurations. The
second slope further reduces the temperature growth rate up to 1000 seconds after melting starts
at RT50 to absorb the extra heat from RT60. The temperature in the TR50-60 setup is lower between
200 and 600 seconds and higher between 600 and 1100 seconds. Figure 9(a) and (b), however,
illustrates how the TR60-50 arrangement has a lower temperature rate than the TR50-60 setup. Even
though the latter design offered a faster time, the battery working temperature was not maintained.
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Fig. 9. (a) Liquid fraction contour for TA60-50 arrangement; (b) Liquid fraction contour for TA50-60

arrangement

This investigation shows that TR50-60 PCM configuration started to melt early by 150 seconds
and melted completely by 1100 seconds. Though TR60-50 PCM configurations shows that melting
starts by 200 seconds and melts PCM complete by 1000 seconds. This shows TR60-50 configuration
is 10% faster compared to TR50-60 configurations in terms of complete melting of PCM. Also, initially
up to 600 seconds the battery temperature was low in TR50-60 but after that TR60-50 configuration
shows better temperature management in battery. On average, TR60-50 configuration is 7% better
than TR50-60 configurations in terms of battery temperature. The location of the PCM in the radial
arrangement and its effects on thermal behaviour are also made evident in this work.

3.4 Comparison of Heat Transfer Coefficients within the Arrangements

To understand convective heat transfer in the suggested designs, a comparison study between
various PCM arrangements and configurations was undertaken. Figure 10(a) demonstrates that when
melting starts in PCM, RT50 and RT60 quickly achieve their highest heat transfer coefficients of 52
W/m2.K and 44 W/m2.K, respectively. Due to the earlier melting point in RT50 compared to RT60,
the heat transfer coefficient was greater. Because melting occurs at lower temperatures, PCM
transforms from a solid to a liquid and, due to the buoyancy effect, draws heat away from the battery.
In terms of a single PCM, the RT50 performs better in terms of long- term, greater heat transfer
coefficients. Due to the stacking of lower melting PCM above and higher melting PCM below, the
maximum heat transfer coefficient in the TA50-60 configuration is 42 W/m2.K, which is lower than
the TA60-50 configuration. Figure 10(b) demonstrates that after it reaches its maximum heat transfer
coefficients, the delivery of 40 W/m2.K remains constant for 200 seconds to 700 seconds. The
greatest heat transfer coefficient in the TA60-50 arrangement, however, was 44 W/m2.K at the end
of 150 seconds, and it then gradually decreased until it reached 25 W/m2.K at 800 seconds. Heat
transfer coefficient increases for 100 seconds while the RT60 at the bottom of the battery is melting
to its maximum. The heat transfer coefficient gradually decreases once peak melting is complete.
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Fig. 10. (a) Effect of heat transfer coefficient for single layer arrangement; (b) Effect of
heat transfer coefficient for Trans-axial arrangement; (c) Effect of heat transfer coefficient

for Trans-radial arrangement

When arranged in a trans-radial fashion, TR50-60 reaches its maximum heat transfer coefficient
of 52 W/m2.K, then steadily reduces the up to 28 W/m2.K, increases once again due to the peak
melting of RT60, and steadily decreases the up to 18 W/m2.K. As shown in Figure 11(c), the heat
transfer coefficient in the TR60-50 arrangement gradually decreases to a maximum of 38 W/m2.K,
then slowly decreases to 18 W/m2.K after the PCM has completely melted. For single layer
arrangement at its peak melting point, the average heat transfer coefficient of RT50 PCM is 26%
higher than RT60 PCM arrangement. For Trans axial arrangement at its peak melting point, the
average heat transfer coefficient of TA60-50 configuration is 16% higher than TA50-60
configurations. For Trans-radial case, TR60-50 configuration shows 12% lower up to 600 seconds and
after that it increases to 26% at end of 1000 seconds when compared against TR50-60 configuration.
This indicates that having a PCM with a higher melting temperature in either the upper half of a trans-
axial arrangement or the inner layer of a trans-radial configuration could dramatically increase heat
transfer coefficients over time. However, in terms of heat transfer coefficients, single layer PCM is
more efficient.

4. Conclusions

In this research, the various PCM arrangement methods, including the single- and two-layer
arrangements, were taken into consideration. Among the findings reached are
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i.  PCMin asingle layer configuration shown that RT50 case is 13% faster to completely melt
PCM, maintains 10% lower battery temperature and 26% higher heat transfer coefficients
compared to RT60 case. This shows that lower melting temperature can reduce the
battery temperature for a longer period of time, down to 67°C with RT50 configuration.

ii.  PCMintrans-axial arrangement shown that TA60-50 case is 20% faster to completely melt
PCM, maintains 10% lower battery temperature and 16% higher heat transfer coefficients
compared to TA50-60 case. This shows with higher melting temperature placed in the
upper layer showed lower battery temperature down to 67°C with TA60-50 configuration.

iii.  PCM in trans-radial arrangement shown that TR60-50 case is 10% faster to completely
melt PCM, maintains 7% lower battery temperature and average of 7% higher heat
transfer coefficients compared to TA50-60 case. This shows with higher melting
temperature placed in the inner layer showed lower battery temperature down to 77°C
with TR60-50 configuration.

iv. At 25°C ambient temperature, the single layer arrangement and the trans-axial
arrangement perform better compared to trans-radial arrangement.

This study recommends trans-axial arrangements compared to trans-radial and single
arrangement for use in controlling battery thermal performance.
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