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Abstract - Effective thermal management of lithium-ion d Diameter (m)

batteries (LIBs) is necessary to sustain phase stability in an fi Liquid fraction

optimal temperature range of 15 to 45 °C, which ensures g Acceleration due to gravity (m/s?)
longevity and prevents thermal runaway under repeated high- E Total enthalpy (J/kg)

frequency discharging-charging cycles. This study focuses on Sensible heat (J/kg)

determining the optimal heat transfer coefficient (h) required to € enst &

facilitate complete solidification during the charging after the AE Ethalpy change (J/kg)

full melting of phase change materials (PCMs) during high-rate H Height (m)

discharging for effective and continuous use of PCMs. Utilizing h Heat transfer coefficient (W/m?*K)

the Newman-Tiedemann-Gu-Kim  (NTGK) model, the ] Volumetric rate of current transfer (A)
performance of the SAMSUNG ICR 18650-26] battery is studied. k Thermal conductivity (W/m-K)

The cell is encased by a copper shell, followed by the addition of L Latent heat (J/kg)

the PCM, and then further encapsulated by another copper shell. 1 Length (m)

The present study evaluated three PCMs such as n-Heneicosane, q Volumetric heat generation rate (W/m3)
OM42, and n-Docosane and a range of heat transfer coefficients r Radius (m)

(h) from 20 W/m?K to 500 W/m?K for the thermal S Enthalpy source term

management of cells. It is found that increasing the PCM h by

thickness from 3 mm to 4 mm reduces the maximum cell Su Momentum source term

temperature from 53.19 °C to 51.94 °C during a 5C discharge at T Temperature (K)

40 °C ambient temperature, however, resulting in lower PCM t Time (s)

utilization, making 3 mm as the optimal PCM thickness. At an ty Thickness (m)

ambient temperature of 35 °C, n-Heneicosane remains in the v Velocity (m/s)

liquid state, whereas n-Docosane maintained better thermal v Mean fluid velocity (m/s)

regulation and complete solidification, demonstrating its Vol Volume (m3)

suitability for moderate ambient conditions. Under harsh

conditions (40°C), increasing the convective heat transfer

coefficient to 500 W/m*K during charging allows n-Docosane Greek Symbols

to solidify within 750 s fully, ensuring effective thermal p g]eniit'y (kg/dm?' ty § " lectrode ()
management. o4 ectric conductivity for positive electrode (£)-
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Subscripts
a Ambient
B Battery
cell Battery
Cu Copper
ECh Electrochemical
i Inner layer of copper
m Melting
nom Nominal
0 Outer layer of copper
p Phase change material
ref Reference
short Internal short circuit

1. Introduction

Road transportation significantly contributes to
global greenhouse gas emissions, accounting for about
72% of the transportation sector's emissions [1]. In
some regions, it is responsible for 85.2% of CO:
emissions [2]. Emissions from conventional road
transport not only increase greenhouse gases but also
deteriorate air quality, particularly in urban areas,
through pollutants like CO,, sulfur dioxide (S0O), and
nitrogen oxides (NOy) [3]. The urgent need to address
environmental concerns, particularly greenhouse gas
emissions and air pollution, has shifted research
priorities towards greener alternatives such as battery
electric vehicles (EVs). Factors influencing the diffusion
of EVs in urban areas are being studied intensively [1],
emphasizing the importance of transitioning to cleaner
transportation options to address environmental
challenges effectively. In this context, lithium-ion
batteries' high specific power, specific energy, long
lifespan, and compact size and weight make them
suitable for the high-energy storage demands of EVs.

Lithium-ion batteries have seen significant
advancements, enhancing their adaptability in electric
vehicles (EVs) and other applications. Key
improvements include the development of high-capacity
cathode materials, which increase energy density for EV
use [2]. Research has also focused on integrating lithium-
ion batteries with technologies like perovskite solar cells
to enhance performance and charging capabilities [3].
Additionally, the development of lithium-free transition
metal monoxides for positive electrodes has improved
energy/power density, reduced costs, and extended
cycle life, which is critical for EVs and large-scale energy
storage [4].

In addressing thermal management challenges in
battery systems, phase change materials (PCMs) have
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been increasingly incorporated into Battery Thermal
Management Systems (BTMS). The advantages of using
PCMs include enhanced thermal regulation, improved
energy efficiency, and reduced system complexity. By
utilizing PCMs in BTMS, the heat generated during
battery operation is absorbed by the PCM as it changes
its phase from solid to liquid, effectively storing and
dissipating heat. This process helps to maintain the
battery temperature within a safe operating range,
preventing overheating and ensuring optimal
performance. Karmkar et al. [5] demonstrated that PCMs
possess high latent heat capacities, enabling them to
absorb and release significant amounts of energy during
phase transitions. This property makes PCMs highly
effective for managing thermal fluctuations in battery
systems. Song et al. [6] demonstrated that compared to
traditional cooling methods, PCMs offer passive thermal
management, eliminating the need for active cooling
components like fans or pumps, which can consume
additional energy and add complexity to the system.
Zhang et al. [7] highlighted that PCMs provide more
uniform temperature distribution within the battery
pack, reducing hotspots and enhancing overall system
reliability. In conclusion, integrating phase change
materials into battery thermal management systems
offers a sustainable and effective solution to address
thermal challenges, providing efficient heat dissipation,
improved energy efficiency, and enhanced system
reliability compared to traditional cooling methods.

The thermal management of lithium-ion batteries
encased with PCMs is crucial for their performance and
safety during high-rate discharging and charging cycles.
A higher heat transfer coefficient aids in efficient heat
dissipation, managing the heat generated during rapid
charging and discharging processes. This allows for
quick heat transfer to the PCM, enabling effective
absorption and storage of excess heat, thus maintaining
the battery temperature within a safe operating range.
Wagh et al. [8] found that incorporating fins in the PCM
can enhance heat dissipation capacity by improving heat
transfer. Li et al. [9] discussed using different PCMs, such
as RT15, RT31, EG5, and EG26, which have been
experimentally investigated to enhance heat transfer
rates and the overall thermal performance of electric
vehicle battery packs. Angani et al. [10] highlighted that
integrating PCMs in battery packs had improved heat
transfer rates and thermal performance under extreme
temperature conditions, contributing to better thermal
regulation and safety of the battery system. Talluri et al.
[11] also supported these findings by showing the



benefits of PCMs in maintaining optimal battery
temperatures. However, despite these advancements, a
significant research gap remains in understanding the
specific heat transfer coefficients required for the
complete solidification of PCMs during continuous high-
rate discharging-charging cycles.

While various PCMs have been studied, n-
Heneicosane, OM42, and n-Docosane are selected for this
study due to their specific melting temperatures (43.6 °C,
43 °C, and 44.7 °C, respectively), which closely align with
India's ambient temperature conditions. This makes
them particularly suitable for thermal management in
environments with similar climatic characteristics. This
research evaluates these PCMs in managing the thermal
behaviour of SAMSUNG ICR 18650-26] Lithium-ion
battery, focusing on maintaining battery temperatures
within the crucial range of 15 °C to 45 °C during high-rate
discharging and charging cycles [12]. This study
systematically analyzes the thermal behavior of a high
discharge rate (5C) configuration combined with
charging rates (1C) while investigating heat transfer
coefficients ranging from 20 W/m?K to 500 W/m?:K to
identify optimal values for maintaining safe battery
temperatures and ensuring complete PCM solidification
during continuous high-rate cycles under harsh ambient
conditions. By examining specific PCMs and heat transfer
coefficients, the study aims to enhance battery safety and
performance under high C-rate cycles. The findings
provide new insights into the critical heat transfer
coefficients for PCM solidification, offering valuable data
on PCM effectiveness in specific configurations. This
research provides essential insights for optimizing
thermal management systems in LIBs for EVs, enhancing
performance and safety.

2. Methodology
2.1. Battery and PCM Selection with Numerical
Analysis Setup

The study utilizes a SAMSUNG ICR 18650-26]
Lithium-ion battery with a nominal capacity of 2600
mAh. Figure 1 illustrates the battery structure, which
includes an 18 mm diameter core encased by a 0.5 mm
thick inner copper shell. This core-shell assembly is then
surrounded by a 3mm layer of PCM and further
protected by a 0.5 mm outer copper shell. Additionally,
both the top and bottom of the battery are fitted with
1 mm thick caps. Table 1 details the battery's operating
parameters, while Table 2 lists material properties, such
as thermal conductivity, that affect heat dissipation in
lithium-ion batteries.
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Figure 1. Battery encased with copper shells and PCM.

Table 1. Specifications of Samsung 18650 battery [8]

Parameter Value

Nominal voltage (V) 3.7

Minimum stop voltage (V) 2.8

Maximum stop voltage (V) | 4.2

Cell weight (g) 43.87

Nominal capacity (mAh) 2600

Electrolyte type Carbonate based
Cathode type Lithium Cobalt Oxide
Anode type Graphite
Diameter of the cell (mm) 18

Height of the cell (mm) 65

—_

Table 2. Thermophysical properties of lithium-ion battery [8

Property Value
Specific heat of positive tab (J/kg-K) 871
Density of positive tab (kg/m?) 2719
Thermal conductivity for positive tab | 202
(W/m-K)

Specific heat of negative tab (J/kg-K) 381
Density of negative tab (kg/m?) 8978
Thermal conductivity for negative tab | 387.6
(W/m-K)

Thermal conductivity of cell: radial, | 3.4,
tangential, axial (W/m-K) 24,24

The selected PCMs, n-Heneicosane, OM42, and n-
Docosane, are chosen for their melting points and



thermal properties, optimal for maintaining battery
temperature during high-rate discharging and charging
cycle of 5C-1C configuration. The performance of
battery-PCM configuration is examined under heat
transfer coefficients ranging from 20 to 500 W/m?*K.
The specifications and properties of the battery can be
found in [13]. The thermophysical properties of PCMs
are listed in Table 3.
Table 3. Thermophysical properties of n-Docosane [14], n-
Heneicosane and OM42

Property n-Docosane | n-Heneicosane | OM42
p (kg/m®) | 778 772 865
Trer (°C) 42.1 39.2 43

B (K1) 1x10-3 1x10-3 1x10-3
k(W/m-K) | 0.21 0.145 0.19

Tm (°C) 44.7 43.6 43

L (J/kg) 257000 294600 183000
C(/kg'K) |2650 2386 2710

u (kg/m-s) | 0.0039 0.0033 0.0039

2.2. Numerical Model and Simulation

The thermal performance of the battery is
simulated using the Newman-Tiedemann-Gu-Kim
(NTGK) model. The governing equations for the thermal
and electrical energy conservation within the battery are
solved using a Multi-Scale Multi-Domain (MSMD)
approach [8]. The governing equations for current flux at
both the positive and negative electrodes are detailed as

[15], [16].
HessTo) _ g (ky¥To) + 0,17, 17
+ G_|V(I)_|2 + dech + short €Y)
V- (04Vd,) = —(ech — jshort) 2
V- (0_Vd_) = (jech — jshort) 3)

The enthalpy method is employed to model the
solidification and melting of the PCM. The fluid flow of
the PCM is assumed to be laminar and Newtonian, with
constant property values across the temperature range
considered in the study. The governing equations that
describe the PCM domain are presented below:
Conservation of Mass:

Pp .
—+V V)=0 4
o +V.(ppV) “4)
Conservation of Momentum:

a — —

— 4+ V. V) \%
(6t+ (PpV) -

= —VP + V.(uVV) +S, (5)

+ ppr(e - eref)

Cp
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Conservation of Energy:

d(ppc,T) .
—a0— t V- (ppVepT) = V. (kpVT) + Sy (6)

where the velocity vector, V=ul+ vj + wk. The source
term S, is used to model fluid flow during phase change.
p is a thermal expansion coefficient and e,.r is a
reference value of the sensible heat. S, is a phase related
source term. The liquid fraction of PCM is expressed as,

AE
fl = T (7)

The initial temperature of the battery and PCM is set to
the ambient temperature of 40 °C. The PCM is initially in
a solid phase, and the velocity field is set to zero.
Att=0; T(x,y,z) =T, =40°C andV = 0, (8)
Based on Newton's law of cooling, the boundary
condition on the external housing surface is given as:
Tcu,o

kcu or = h(Tcu,o - Ta) )

At the interface between the battery and the inner
copper shell surface:

oT,
_kB ? = _kcu A
or r
At the interface between the PCM and the inner copper
surface, the boundary condition is described by:

cu,i

31, =T

cu,i

(10)

L+t k e k T, T .=T, (11)
= ;— - — = — ; cui:
2 et or P or ’ b

Similarly, at the interface between the PCM and the outer
copper surface, the boundary condition is given as:

oT orT,
rZﬁ—'—th cul+t 5 _k -=— cu =
2 " b ’ or or (12)
Tp:];uo

The numerical analysis is conducted using the
finite volume-based ANSYS Fluent 2021/R2 commercial
solver. The Pressure-Implicit with Splitting of Operators
(PISO) algorithm is used to couple pressure and velocity.
The PRESTO! scheme is applied for the discretization of
the pressure equation, while a second-order upwind
scheme is used for the discretization of momentum and
energy equations.

2.3. Grid and time independence studies

Mesh size independence is essential for ensuring
convergence and accuracy in numerical simulations and
that the solution remains unaffected by variations in
mesh discretization. For a discharge rate of 5C at an
ambient temperature of 40 °C and a convective heat
transfer coefficient of 20 W/m?-K using n-Docosane, grid



independence is evaluated with three element sizes:
1.25 mm, 1 mm, and 0.75 mm. The corresponding mesh
counts for the battery with a PCM thickness of 3 mm are
46,632, 66,585, and 132,792, respectively, as illustrated
in Figure 2(a). Minimal differences in the results led to
the selection of a 0.75 mm element size as optimal for the
PCM-integrated setup.
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Figure 2. (a) Grid size independence study and (b) time step
independence study.

Time step optimization is performed to balance
computational efficiency and accuracy. Under the same
conditions and using a 0.75 mm element size, Figure 2(b)
displays three timesteps: 0.08s, 0.1s, and 0.5s. The
results showed negligible differences across these time
steps, resulting in selecting a 0.5 s time step for the
battery with PCM configurations.

2.4. Numerical Model Validation
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The present numerical model is based on the
NTGK model and is validated against the experimental
study by Trimbake et al. [17] and the numerical analysis
by Jithin et al. [13]. Both studies investigate a Samsung
26] 18650 2600 mAh battery pack in a 4S1P
configuration. The experiments discharged the batteries
at2C(5.2A)and 1C (2.6 A)usinga 200 W electronicload,
focusing on a 1C discharge scenario with h=5 W/m?-K.
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Figure 3. Model validation of (a) battery pack with
experimental results [17], and numerical results [8], [13], (b)
PCM and fins with experimental results [18].

Figure 3(a) compares the Dbattery's cell
temperature over time using experimental and
numerical data. Temperature measurements reveal a
distinct pattern: a rapid initial rise, a gradual increase,
and a final spike, which is accurately predicted by the
present numerical model. The numerical results closely
match the experimental data, with maximum deviations
of 11.48% and 2.95% compared to Trimbake et al. [17]
and Jithin et al. [13], respectively.



The numerical model for a PCM-integrated battery
in this study is validated against the experimental results
of Wang et al. [18], who investigated the thermal
behavior of a cylindrical 18650 LIB encapsulated with
composite paraffin. Their setup, featuring K-type
thermocouples for  temperature measurement,
evaluated the PCM's melting process and its impact on
battery temperature regulation. Figure 3 (b) shows the
maximum and average deviations between numerical
and experimental results as 13.6% and 5.4%,
respectively, attributed to unreported heater properties
in the literature. This validation highlights the model's
accuracy in simulating thermal dynamics, confirming its
reliability for LIB thermal management applications.

3. Results and Discussion
3.1 Effect of PCM Thickness

In thermal management systems for lithium-ion
batteries, selecting the optimal thickness of PCMs is
crucial to balance temperature control and material
efficiency. Figure 4 presents the temperature profiles for
both the cell and the PCM during a 5C discharging cycle
at an ambient temperature of 40 °C, comparing PCM
thicknesses of 3 mm and 4 mm. The materials analyzed
are n-Heneicosane, OM42, and n-Docosane, with
h=20 W/m?-K. The results in Figure 4 (a) reveal that the
maximum cell temperatures at the end of the discharging
process of 330 s reach 53.19 °C, 55.31 °C, and 52.23 °C
for the 3 mm thick layers of n-Heneicosane, OM42, and
n-Docosane, respectively. When the PCM thickness is
increased to 4 mm, the maximum cell temperatures are
slightly reduced to 51.94 °C, 53.16 °C, and 51.55 °C for
the respective materials. This reduction indicates that
thicker PCM layers absorb more heat during the high-
rate discharging cycle, thus keeping the cell temperature
within the target operational range. Similarly, the
maximum PCM temperatures, as seen in Figure 4 (a),
reach 47.13 °C, 50.72 °C, and 46.20 °C for the 3 mm thick
layers of n-Heneicosane, OM42, and n-Docosane,
respectively. With 4 mm thick PCM layers, these
temperatures decrease to 43.92 °C, 45.57 °C, and 44.67
°C, respectively. Figure 4 (b) shows the liquid fraction of
the PCMs over time, highlighting the extent of melting
during the discharging cycle. At t =0 s, the n-Heneicosane
is in the partially melted state as its melting temperature
is below the ambient temperature of 40 °C, whereas
OM42 and n-Docosane are in the solid phase. The
maximum melting fractions for the 3 mm thick PCMs are
98.01%, 100%, and 93.04%, respectively, for n-
Heneicosane, OM42, and n-Docosane. In contrast, the
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corresponding 4 mm thick PCMs show significantly
lower melting fractions of 43.92%, 45.57%, and 44.67%
at330s.
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Figure 4. Effect of PCM thickness during a 5C discharging
cycle at 40 °C ambient temperature and h=20 W/m?K, (a)
cell and PCM temperature profiles, (b) liquid fraction profiles

Therefore, the OM42 shows a higher melt fraction at the
end of the discharging process of 330 s owing to a lower
single melting temperature (43 °C) and the lowest latent
heat of fusion (~40% lower than n-Heneicosane) among
the three PCMs, leading to earlier melting. Furthermore,
the OM42 temperature during discharging remains
consistently higher than n-Heneicosane and n-Docosane
as the melting initiates at a higher temperature. It can be
noted that n-Heneicosane and n-Docosane melt over a
range of temperatures, and the melting starts earlier
than OM42. Hence, the cell temperature for OM42 is
significantly higher compared to the other two PCMs.
However, it is further observed that the cell temperature



for n-Heneicosane is higher compared to that of n-
Docosane at 330 s, whereas the opposite trend is
observed at 180 s for both the cases of 3 mm and 4 mm
PCM thicknesses. This is because n-Heneicosane has a
lower completion melting temperature of 43.6 °C than n-
Docosane (44.7 °C). As a result, n-Heneicosane melts
completely slightly before 330 s, leading to higher cell
temperature. However, at 180 s, the PCM temperature of
n-Heneicosane is lower than that of n-Docosane, as the
initiation of melting of n-Heneicosane is significantly
earlier (39.2 °C) compared to n-Docosane (42.1 °C),
which maintains the cell temperature lower, as can be
seen in Figure 4(a). This can also be seen from the
temperature contour plots presented later.

3935 4075 4215 4356 4488 4641 4784 4927 5071 5216 5362

Figure 5. Contours of temperature (°C) for 5C
discharging cycle at 40 °C ambient temperature and h=20
W/m?K (a), (d) n-Docosane, (b), (€) n-Heneicosane, and (c),
(f) OM42 for 4 mm and 3 mm thickness of PCMs at 180 s.

Figures 5 and 6 provide a detailed analysis of the PCM
and battery performance using contour plots for
temperature and velocity vectors, respectively, on the
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cross-sectional plane B-B® at 180 s. These figures
compare PCM thicknesses of 3 mm and 4 mm duringa 5C
discharging cycle at a 40 °C ambient temperature with a
convective heat transfer coefficient of h=20 W/m?K.
Figure 5 illustrates temperature contours, showing that
the 4 mm PCM layer achieves greater thermal uniformity
(maximum temperature difference for OM42 = 9.02 °C)
as the PCM melts partially compared to the 3 mm layer,
which exhibits higher thermal gradients due (maximum
temperature difference for OM42 = 10.62 °C) to the
almost complete melting of PCM. This improved
uniformity is attributed to the higher heat absorption
capacity of the thicker PCM.
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Figure 6. Velocity vector (m/s) for 5C discharging cycle at 40
°C ambient temperature and h=20 W/m?-K (a), (d) n-
Docosane, (b), (e) n-Heneicosane, and (c), (f) OM42 for 4 mm
and 3 mm thickness of PCMs respectively at 180 s.

Figure 6 depicts velocity vector fields, highlighting
that the fluid velocity within the 4 mm PCM is lower as
PCM in 4 mm thickness melts less, whereas the 3 mm
PCM shows higher velocity magnitudes, reflecting more
active phase change dynamics due to a higher amount
PCM in the molten state. These observations underline
the trade-off between thermal uniformity and latent heat
utilization, with the 4 mm PCM providing better thermal
regulation and the 3 mm PCM demonstrating higher
phase change efficiency. The 4 mm PCM layers of n-
Heneicosane, OM42, and n-Docosane exhibit lower



internal fluid velocities during discharge, as shown in
Figure 6, indicating limited convection from partial
melting. This reduced flow retains a low liquid fraction,
reducing convection-driven heat transfer. In contrast,
the 3 mm layers show complete melting, resulting in
higher fluid motion and steeper temperature gradients,
as illustrated in Figure 5. This suggests that thicker PCM
layers are more effective at temperature control, but do
not fully utilize their latent heat capacity for the 5C
discharging rate. Considering the balance between
temperature regulation and effective material
utilization, the 3 mm PCM thickness emerges as the
optimal choice across all three materials.

3.2 Effect of ambient temperatures on PCM with cell

The performance of PCMs in managing the thermal
behaviour of LIBs is highly sensitive to changes in
ambient temperature. Figure 7 presents the effect of
ambient temperature on the thermal management
performance of n-Heneicosane, OM42, and n-Docosane
during a 5C discharging cycle, with a PCM thickness of 3
mm and h=20W/m?*K. In Figure 7(a), the cell
temperature profiles indicate that as the ambient
temperature increases from 30 °C to 40 °C, the maximum
cell temperature rises for all PCMs. OM42 results in the
highest cell temperatures across all ambient conditions,
as the melting of the PCM occurs at 43 °C. For ambient
temperatures of 30 °C and 35 °C, the maximum cell
temperature is consistently higher for n-Docosane than
n-Heneicosane. The n-Heneicosane has the highestlatent
heat of fusion and the lowest initiation of melting
temperature, which causes longer stabilization time at
the lower PCM temperature. However, for ambient
temperatures of 40 °C, the maximum cell temperature is
higher for n-Heneicosane at 330 s, whereas it is lower at
180 s. This can be attributed to the earlier completion of
melting of partially melted n-Heneicosane at an ambient
temperature of 40 °C, leading to a rapid rise in the cell
temperature at around 270 s.

Figures 7(b) and 7(c) show the corresponding
PCM temperature profiles and the liquid fraction
variation with time. The maximum PCM temperature
and liquid fraction of PCM also increase with rising
ambient temperatures. As observed, the PCM
temperature and liquid fraction are highest for OM42 for
all the ambient temperatures. Similar to the maximum
cell temperature, the PCM temperature and liquid
fraction follow the same variation for the three PCMs
chosen in this study for all the ambient temperatures.
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Figure 7. Effect of ambient temperatures for 3 mm PCM
thickness and h=20 W/m?K, (a) cell temperature profiles, (b)
PCM temperature profiles, (c) liquid fraction of PCMs.

Figures 8 and 9 illustrate temperature and velocity
vector contours, respectively, on the cross-sectional
plane B-B' for ambient temperatures of 30 °C and 35 °C



during a 5C discharging cycle with a 3 mm PCM thickness
and a convective heat transfer coefficient of h=20
W/m?-K. Figure 8 shows the temperature contours,
where the temperature of the battery has increased
significantly at 35 °C compared to 30 °C, resulting in
higher temperature gradients across the PCM and
battery.

39.35 40.75 4215 4356 4498

N a—
(@) (b) ()

(d) (e) ®
Figure 8. Contours of temperature (°C) for 5C discharging
cycle at h=20 W/m?K for 3 mm thickness of PCMs (a), (d) n-
Docosane, (b), (e) n-Heneicosane, and (c), (f) OM42 for 35 °C
and 30 °C ambient temperature at 180 s.
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The maximum melting fraction reaches 57.41%, 72.02%,
and 98.01% for n-Heneicosane; 67.13%, 88.09%, and
100% for OM42; and 58.73%, 75.70%, and 93.04% for n-
Docosane at ambient temperatures of 30 °C, 35 °C, and
40 °C, respectively. As expected, higher ambient
temperatures lead to greater PCM melting, with OM42
achieving complete melting at 40 °C, which correlates
with its higher cell and PCM temperatures observed
earlier. Among the PCMs tested, n-Docosane
demonstrates the most consistent performance across
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the different ambient temperatures, maintaining lower
cell and PCM temperatures under the most extreme
conditions.
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Figure 9. Velocity vector (m/s) for 5C discharging cycle at
h=20 W/m?K for 3 mm thickness of PCMs (a), (d) n-
Docosane, (b), (e) n-Heneicosane, and (c), (f) OM42 for 35 °C
and 30 °C ambient temperature at 180 s.

Figure 9 presents velocity vector contours,
demonstrating more dynamic fluid motion within the
PCM at 35 °C, corresponding to accelerated phase
transition processes due to higher thermal energy input.
At an ambient temperature of 35 °C, the reduced
temperature difference between the Li-ion battery and
its surroundings lowers external heat dissipation,
causing a larger fraction of heat stored in the PCMs of n-
Heneicosane, OM42, and n-Docosane. This results in a
rise in temperature gradients, which accelerates the
melting process, as evidenced by the temperature
contours in Figure 8. 0M42, having a lower melting point
and lower thermal diffusivity, melts rapidly due to
thermal stratification, exhibiting higher velocity. In
contrast, n-Docosane possesses higher latent heat and
melts at a slower rate, distributing absorbed heat more
evenly due to higher thermal diffusivity. These
contrasting thermophysical properties account for the
different velocity fields shown in Figure 9, where OM42
demonstrates higher liquid PCM motion and n-Docosane



maintains a comparatively lower magnitude velocity of
liquid PCM. These results emphasize the impact of
ambient temperature on the phase change behaviour
and overall thermal performance of the PCM and battery
system. OM42 exhibits the highest temperature rise,
indicating a more significant phase change, which aligns
with its higher melting fraction and the corresponding
cell temperature results.

3.3 PCMs Thermal Performance at 35 °C

This study focuses on the thermal behaviour of
PCMs near their melting points, specifically focusing on
35 °C, an ambient temperature common during summer
in India. Figure 10 illustrates the thermal behaviour of n-
Heneicosane, OM42, and n-Docosane during a 5C
discharging cycle followed by a 1C charging cycle at an
ambient temperature of 35 °C, with a PCM thickness of 3
mm and h=20 W/m?-K during discharging, and h=50 and
100 W/m?-K during charging. Figure 10(a) shows that
the maximum cell temperatures during the 5C
discharging cycle reach 50.23 °C, 52.90 °C, and 51.07 °C
for n-Heneicosane, 0M42, and n-Docosane, respectively,
at 330 s, as explained above. The corresponding
maximum PCM temperatures are 43.06 °C, 45.7 °C, and
44.95 °C at the end of discharging. Among these, OM42
exhibits the highest temperature rise at 330 s, indicating
a more significant phase change and greater heat
absorption than other PCMs. The lowest temperature.
Figure 10(b) reveals the liquid fraction profiles at the
end of the discharging cycle, where the maximum
melting percentages are 72.02%, 88.09%, and 75.70%
for n-Heneicosane, 0M42, and n-Docosane, respectively.
During the subsequent 1C charging process, the initial
heat transfer coefficient of h=50 W/m?*K proves
inadequate for complete PCM solidification by the end of
the cycle, leaving temperatures elevated. Thus, a higher
coefficient of k=100 W/m?K results in a sudden drop in
temperature as the PCMs fully solidify at approximately
1200s, 780 s, and 720 s for n-Heneicosane, OM42 and n-
Docosane, respectively. The shorter solidification time
for n-Docosane can be attributed to higher thermal
diffusivity and the relatively lower melt fraction at the
end of the melting process of the PCM, as the mode of
heat transfer during the solidification of PCM is
dominated by conduction. n-Heneicosane takes longer to
solidify due to its highest latent heat of fusion.
Interestingly, OM42 has a higher solidification rate
during the 1C charging as it has the lowest latent heat of
fusion. This rapid solidification underscores the
effectiveness of a higher heat transfer coefficient in
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hastening the thermal recovery of the PCM. It can be
concluded that n-Docosane emerges as the optimum
PCM for ensuring both effective heat management and
rapid thermal recovery in lithium-ion battery systems
operating under these conditions.
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Figure 10. Temperature and liquid fraction profiles during a
5C discharging and 1C charging cycle with 3 mm PCM
thickness and h=20 W/m?K for discharging and h=50 and
100 W/m?K for charging, (a) cell and PCM temperature
profiles, (b) liquid fraction of PCMs.

3.4 Solidification at Harsh Conditions (40 °C, n-
Docosane)

This section examines n-Docosane's solidification
efficiency under extreme conditions at 40 °C, which is
critical for maintaining battery performance during
rapid cycles. Figure 11 illustrates the thermal behaviour
and phase change characteristics of n-Docosane during a
5C discharging cycle followed by a 1C charging cycle
under harsh ambient conditions of 40 °C. Figure 11(a)
shows that the maximum cell temperature reaches 52.23



°C, while the maximum PCM temperature reaches 46.20
°C at the end of the 5C discharging cycle. The melt
fraction of n-Docosane is 93.04%, as shown in Figure
11(b).
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Figure 11. (a) Cell and PCM temperature, (b) liquid fraction,
profiles during a 5C discharging and 1C charging cycle with 3
mm n-Docosane and h=20 W/m?K for discharging and
various heat transfer coefficients for charging.

Following the discharging phase, the 1C charging
process begins, and Figure 11(a) demonstrates the
usefulness of a higher heat transfer coefficient in
achieving complete solidification. At h=50 and 100
W/m?K, the PCM does not fully solidify at the end of the
charging cycle, as indicated by the higher temperatures
and liquid fraction seen in Figure 11(b). Consequently,
higher heat transfer coefficients of h=200 and
500 W/m?K are applied, resulting in rapid temperature
decrease and complete solidification of n-Docosane. The
time required for solidification is significantly reduced,
with h = 200 W/m?K achieving solidification in 1290 s
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and h 500 W/m%*K in 750 s. This outcome
demonstrates the importance of optimizing convective
heat transfer in maintaining effective thermal
management under extreme conditions.

4. Conclusion

This study investigated the thermal management of
lithium-ion batteries using PCMs under different
conditions, focusing on PCM thickness, ambient
temperature, and convective heat transfer coefficients.
The objective is to determine the optimal PCM
configuration for maintaining safe battery temperatures
during high-rate discharging and charging cycles,
particularly under challenging conditions. Increasing the
PCM thickness from 3 mm to 4 mm results in lower
maximum cell temperatures. However, the 4 mm
thickness shows reduced PCM utilization, making 3 mm
the optimal thickness for balancing temperature control
and PCM efficiency. Ambient temperatures between 30
°C and 40 °C directly affect PCM and cell temperatures.
The highest cell temperature observed for OM42 at 40 °C
is 55.31 °C, indicating a decreased heat transfer
performance with rising ambient temperatures despite
complete PCM melting. In contrast, n-Docosane
demonstrates superior thermal regulation and complete
solidification, making it more suitable for these
conditions. At a typical ambient temperature of 35 °C in
India, n-Docosane maintains lower peak temperatures
and solidifies more efficiently during charging. Under
extreme conditions of 40 °C, n-Docosane requires
increased convective heat transfer coefficients to
achieve complete solidification during the charging
cycle. At a coefficient of 500 W/m? K, the solidification of
PCM is completed within 750 s, highlighting the
importance of enhanced cooling for maintaining battery
performance. This study identified n-Docosane as the
most effective PCM for lithium-ion battery thermal
management across various conditions, providing
reliable temperature regulation and efficient phase
transitions.
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