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A B S T R A C T

Lithium-ion battery (LIB) packs serve as the primary energy storage solution for electric vehicles (EVs), but suffer
from degraded performance under non-uniform and sub-optimal operating temperatures. Passive Thermal
Management Systems (TMS) based on solid–liquid Phase Change Materials (PCMs) exhibit significant potential,
however PCMs’ low thermal conductivity has limited their application. Integrating fins to improve heat transfer
has been proposed, but there remains a lack of knowledge regarding how the system size and discharge time
scale affects thermal performance with differing fin geometries. Here, a numerical model is developed using
Ansys Fluent and validated to examine the time-resolved TMS performance with differing fin geometries under
thermal loading and resting conditions. Two system scales are examined, with dimensions of the order of either
10 mm or 100 mm. For small-scale systems, fins offer no meaningful improvement compared to PCM alone: the
best-performing fin geometry only reduces the maximum cell temperature by 0.2 ◦C at the end of a 720 s (5C)
discharge. However, for the large-scale system, the performance depends strongly on the discharge duration. Of
all geometries, 9 vertical fins are best performing at 480 s of discharge (38.3 ◦C maximum cell temperature with a
2.4 ◦C disuniformity), but become worst performing at 720 s (44.0 ◦C, 7.2 ◦C disuniformity). At 720 s, 7 hori-
zontal fins instead become best performing (42.5 ◦C, 2.6 ◦C disuniformity) as large thermal gradients caused by
convection are suppressed. Overall, we show via a Pareto analysis which geometries offer acceptable trade-offs
between thermal performance and TMS mass.

1. Introduction

The ongoing innovation of ultra-low-emissions vehicle (ULEV)
technology is a result of the rising demand for clean energy and envi-
ronmental preservation. Since Lithium-Ion Batteries (LIB) provide a
large energy storage density and a long operating life compared to other
energy storage technologies, they have been extensively researched as
the primary power source for electric vehicles (EVs) [1,2]. Most LIB have
a critical temperature of 50 ◦C. When this temperature is exceeded, the
electrochemical process involved in charging and discharging produces
a significant amount of heat, which accumulates within the battery pack
causing thermal runaway and fire. Additionally, during this event toxic
gases are released, causing harm to the environment and living crea-
tures. LIB cells thermal runaway or fire is frequently brought on by harsh
circumstances, like high-speed charging/discharging and vehicle

accidents. A battery Thermal Management System (TMS) is therefore,
required to manage the temperature of LIB cells. TMS can be broadly
divided into two categories: active and passive. Active TMS uses fluid
like air or liquid (e.g. water, dielectric oil) [3], while passive TMS, e.g.
heat pipes and phase change materials (PCM), do not require any active
component (fan, pump) to thermally maintain the LIB pack at the
desired temperature range [4,5].

PCM-based TMS has numerous benefits over the active system. For
instance, they offer uniform cell temperature distribution, low cost, a
compact structure, and no parasitic energy consumption [6,7]. How-
ever, the PCMs have low heat conductivity, which degrades the TMS’s
performance [8,9]. Adding fins to the TMS can enhance its thermal
performance and speed up the melting of PCM [10–12].

Daneh-Dezfuli and Pordanjani [13] investigated the effect of the
number of PCM-filled rectangular cavities (from one to fifteen) on the
thermal performance of LIB. It was found that increasing the number of
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cavities reduces the maximum and minimum temperatures of the bat-
tery. As a result, a uniform temperature through the battery was ach-
ieved. Chen, et al. [14], Fan, et al. [15], and Verma and Rakshit [16]
examined the effects of cylindrical, vertical fins with various orientation
angles, and longitudinal fins along the vertical cross-section of cell
battery on the thermal performance of the LIB. It was found that the
existence of fins yields a more uniform temperature distribution using 9
horizontal fins, 4 vertical fins at 45◦, and 30-mm longitudinal fins
maximize PCM use and reduce maximum temperatures by 26 K,
improving battery cooling, respectively. Furthermore, Chen, et al. [17]
examined the use of PCM in embedded rectangular finned shells to
improve thermal management for LIB. The study revealed a 36.7 %
decrease in the maximum temperature difference, a 21 % decrease in the
average battery-surface temperature, a 15.3 % increase in electric en-
ergy output and a 13.2 % increase in maximum discharge capacity. In
addition, Dey, et al. [18] explored metal fin hexagonal PCM designs for
LIB. The two designs use aluminium rings with vertical fins and vertical
interconnecting fins. Results showed that the peak temperature
decreased from 336 K (without hexagonal designs) to 308.9 K (with
them), a rise reduction of 75.58 %, and a temperature difference
reduction of up to 60 %. Sazvar and Moqtaderi [19] investigated the
design of stepped fins for LIB. The ratios of the length of the stepped fins
to the width of the stepped fins were 0.66, 1, 1.5, 2.33, 4, and 9. The
study revealed that stepped fins with a ratio of 9 performed better than
other stepped fin ratios in terms of achieving a more uniform heat
transfer, resulting in an improvement of 48 %.

Dagdevir and Ding [20] studied the influence of helical fins on the
performance of LIB. The study revealed that increasing the width of the
helical fin improves the performance of BTMS. However, increasing the
number of fin rounds does not linearly lengthen the operating time.
Besides, Hong, et al. [21] explored a thermal management system using
various T-shaped fin arrangements. It was found that the T-shaped fin
with an angle of 135◦ between the horizontal fins and the left wall of the
cavity has the fastest melting time, with rectangular fins at 12.8% and T-
shaped fins at 12.7 %-25.5 %. Rectangular fins reduce wall temperature
by 15.0 ◦C and T-shaped fins by 18.9 ◦C, improving temperature uni-
formity by 1.5 % and 2.2 %. It was found that the best T-shaped fin with
an angle of 135◦ between the horizontal and vertical fins lowered wall
temperature by 4.9 ◦C, over other configurations.

Also, Zhang, et al. [22] investigated the impact of branch-fins on the

thermal management for LIB. A 3.92 K drop in cell temperature, a 14.98
% improvement in heat transfer, a 131.5 % increase in operating time,
and a 10.28 % decrease in system weight was obtained because of
improved fin coverage and transverse fins. Moreover, Chen, et al. [23]
investigated the influence of bionic spiral fin wrapped with PCM for LIB.
It was found that the optimum spiral parameters (winding turns, dis-
tance between fin and cold plate, fin thickness, and fin height) that
yielded the best results were 15, 0.5 mm, 1 mm, and 1 mm, resulting in a
reduction of the maximum temperature by 2.4 ◦C. Choudhari, et al. [24]
and Verma, et al. [25] investigated the thermal performance of the LIB
pack using PCM and vertical fins. It was found that insertion fins and
using PCM effectively dissipate heat and provide a uniform temperature
at the inner cells of the battery pack. Moreover, the maximum temper-
ature reduces by 29.30 K when increasing the thickness of PCM. While,
Ahmad, et al. [26] investigated a hybrid system for LIB thermal control
combining air and PCM with fins. The study examined the impact of
inlet air flow, temperature, thickness of the PCM, diameter, and number
of fins. Results reveal that the new hybrid BTMS reduces maximum
battery temperature by 18.6 % and 3.2 %, respectively, compared to fin-
air and PCM-air BTMS without fins.

In addition, Alghassab [27] conducted an investigation into the
cooling performance of circular aluminium and copper fins for LIB. It
was discovered that copper fins surpass aluminium fins because copper
has a 60 % higher heat conductivity. Suresh and Saha [28] investigated
the impact of circular − fin, full-foam fins, and porous fins, on thermal
energy storage systems. It was found that the full-foam system melts and
solidifies fastest, then solid-fin, porous-fin, and no-fin in order. Full-
foam enhances melting temperature performance by 169.9 %, solid-fin
44.8 %, and porous-fin 41.88 %. Porous-fin and full-foam distribute
temperature more uniformly than solid-fin and without-fins.

Kim, et al. [29] studied the effects of positing of horizontal fins on
LIB performance. It was found that, different horizontal fin arrange-
ments affected heat transfer. For instance, the heat transfer was sym-
metrical with horizontal fins. The PCM melted faster when fins were
placed in the heat sink’s vertical centre to evenly transfer heat.

Patel and Rathod [30] investigated the performance of LIB using six
commercial organic PCMs. It was found that the RT-42 and RT-50 were
suitable to keep the temperature of the battery under 60 ◦C for all
operating conditions. On the other hand, Bais, et al. [31] investigated
the effects of using RT-42 for thicknesses of 1 mm to 7 mm. It was found

Nomenclature

LIB Lithium-ion battery
PCM Phase change material
EVs Electric vehicles
TMS Thermal Management System
ULEV Ultra-low-emissions vehicle
C Charging / discharging rate
L1 Temperature probe location 1
L2 Temperature probe location 2
DR Discharge rate
Exp Experimental results
Num Numerical results
ρ Density (kg/m3)
g Gravitational acceleration (m/s2)
Amush Mushy zone constant
ξ Liquid fraction
∊ Constant values 0.001
h Sensible enthalpy (J/g)
ΔH Latent enthalpy (J/g)
S Source term
V Velocity (m/s)

Cp Specific heat (J/kg⋅K)
k Thermal conductivity (W/m⋅K)
H Specific enthalpy (J/g)
T Temperature (◦C)
ΔT Temperature disuniformity (◦C)
μ Dynamic viscosity (Nm/s2)
t Time (s)
P Pressure (Pa)
hconv Convection heat transfer coefficient (W/m2 ⋅K)

Subscripts
ave Average
x X- direction
y Y- direction
z Z- direction
l Liquid
s Solid
tot Total
ref reference
max Maximum
med median value
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that the thickness of 4 mm was the most effective thickness to regulate
the temperature of the LIB cell. For instance, the thicknesses between
1–3 mm were not enough to absorb the generated heat while the
thickness between 5–7 mm act as insulator material when the PCM
melted. Also, El Idi, et al. [32] investigated the effects of PCM-Metal
Foam composite on the thermal management of LIB. The results
revealed that the addition of metal foam to PCM has a great influence on
the thermal management of LIB compared to pure PCM. Moreover,
Akula and Balaji [33] used PCM along with expanded graphite and pin-
fins to enhance the thermal performance of the LIB. Percentages of 10 wt
%, 20 wt%, 25 wt%, and 30 wt% of expanded graphite and 130 and 260
fins were used during the investigation. It was found that using 30 wt%
of expanded graphite and 260 fins had the great influence on the tem-
perature distribution and reduced the maximum temperature of the
battery. Implemented 30 wt% of expanded graphite along with 130 fins
was preferred over 260 due to fabrication process. Furthermore, Moa-
veni, et al. [34] examined a thermal system for LIB using nanoparticles
and rectangular-fins. It was found that, adding nanoparticles at 3 %
volume fraction lowers battery pack maximum temperature by 0.71 K at
3C discharge rate and 1.28 K at 4C discharge rate. It is also, found that,
four fins lower peak temperatures by 4.16 K at 3C and 6.05 K at 4C,
while two fins lower them by 5.77 K and 9.87 K, indicating fins work
better at higher discharge rates.

Zare, et al. [35] investigated vertical internal-external fins creating
PCM silos around the battery surface and discovered that four fins
lowered surface temperature by 17.45 K at 5C and 9.90 K at 3C
discharge rates compared to systems without fins. This design enhanced
the energy density by 10.02 % and the heat storage capacity by 11.11 %,
while also ensuring that battery safety was maintained at or below
318.15 K. Wu, et al. [36] studied how PCM-based spaceship
BTMS performed when subjected to varying degrees of rotation (0◦, 45◦,
90◦) and accelerations of gravity (0.05g-20g). The PCM melting time
reduced by 15 % when the gravity rose to 20g at θ = 90◦. A formation of
solid PCM was hindered by adjusting the system to θ = 45◦, which also
caused the system to tilt. Using entropy-weighted TOPSIS, the optimal
configuration for PCM melting was found to be a mix of annular and
straight fins at θ = 45◦. Li, et al. [37] presented a LIB system using 3-D
finned tubes and PCM to keep battery temperatures below 45 ◦C and
2.4 ◦C. The optimal heat transfer was obtained by optimizing the fin
width and axial spacing to balance performance, keeping a PCM liq-
uid–solid ratio above 2:2, as well as fin heights of 4 mm. Akula, et al.
[38] incorporated pin fins inside PCM-based heat sinks to improve
thermal management of 1LIB. At 5C discharge rate, pin fins reduced
battery surface temperature by 3.3 ◦C more than plate fins. A heat sink
with 260 pin fins (1 mm side) optimum performance across heat loads,
ambient temperatures, and PCM types.

Furthermore, Najafi Khaboshan, et al. [39] used circular-fins, copper
metal foam, and PCM to optimize cooling during 3C discharge in BTMS.
The configuration included all techniques, lowered battery temperature
by 3 K compared to pure PCM and reduced temperature disparities by
75 % and 66 % under normal and hard circumstances. An artificial
neural network model, with R2 values of 0.98 for PCM liquid percentage
and 0.99 for battery temperature, accurately predicted performance,
simplifying analysis and providing novel BTMS design insights. Also,
Gungor and Lorente [40] proposed a LIB thermal management system
using PCM, metallic fins, and liquid cooling. PCM solidifies in between
cycles using coolant channels within fins, and it absorbs heat during
discharge and charge. This systemminimized 2C discharge–charge cycle
energy consumption by 54.9 % (from 0.4406 kJ to 0.1963 kJ) compared
to liquid cooling. Horizontal fins enhanced PCM melting efficiency,
taking ~ 13 min for re-solidification. A summary of the literature review
was tabulated in Table 1.

Numerous studies have examined various fin forms and configura-
tions to enhance the thermal management of lithium-ion batteries in
phase-change materials. Traditional designs include rectangular and
cylindrical fins, as well as more complicated geometries, including

triangular and hexagonal. While these designs have the potential to
increase heat transfer and temperature uniformity, However, the rela-
tionship between fin geometry with system scale and timescale for cell
discharge has not yet been thoroughly understood.

The purpose of this study is therefore to examine how fin geometry
(shape, angle, and number) impacts the maximum cell temperature and
cell temperature disuniformity under both thermal loading and thermal
resting conditions. In order to examine the effect of system scale, two
differently scaled TMS, are used: a small-scale system with dimensions
of the order 10 mm, and a large-scale system with dimensions of the
order 100 mm. The thermal properties are examined dynamically, in
order to understand how the performance of each fin geometry depend
on thermal loading/resting duration.

2. Methodology

2.1. Physical model

A 3D Computational Fluid Dynamics model was developed using
ANSYS/Fluent 2022, to investigate the LIB TMS during thermal loading
and resting at various discharge rates (DR = 3C,5C).1 The geometry is
illustrated in Error! Reference source not found.(a), which matches the
experimental setup of Landini et al. [48]. Throughout, this is referred to
as the ‘small system’. A ‘large system’ is also employed, being simply a
10-times scale up of the ‘small system’. The system features two LIB cells
(dark grey), sandwiching a PCM core (orange). All interfaces and
external surfaces of this setup are cased in aluminium, except for the top
which is open to the ambient atmosphere. The thermophysical proper-
ties of the PCM (paraffin wax, commercial 99 %-pure octadecane) and
aluminium frame are given in Table 2. In the validation. the LIB cells
(AKKU300 pouch cells with mass 7.02 g) are also modelled as
aluminium as experiments indicated that the thermal properties of the
system were dominated by the aluminium frame and PCM, not the cell
material [48]. Aluminium is also used as the model cell material
throughout this work to model an ideal benchmark case, not subject to
the large variation in thermal properties experienced between cells of
different make, age, and batch.

To investigate the thermal profiles of the system under cell dis-
charging (i.e. thermal loading), a uniform volumetric heat generation
rate of 122.589 kW/m3 and 204.311 kW/m3 for DR = 3C and 5C was
applied respectively. These values were obtained experimentally as re-
ported in Landini et al. [48]. To investigate the thermal profiles
following the cessation of thermal loading, (i.e. thermal resting), the
system is initialised at a uniform temperature of Tl = 30.5 ◦C, and
allowed to cool passively.

2.2. Governing equations

Transient simulations were performed, in which the governing
equations of the numerical model used in this study [49,50], can be
summarized as follows:

Mass conservation equation, [49,50]:

∂ρ
∂t +∇.(ρV) = 0 (1)

Momentum equation, [49,50]:

∂(ρV)
∂t +∇ • (ρV) = − ∇P+ μ∇2V+ ρg+ S (2)

1 LIB are typically tested at constant charge or discharge currents, whose
values are reported by using the parameters Charge and Discharge Rate (CR,
DR). These are defined as the constant current which charges or discharges the
entire nominal capacity of the battery in one hour (e.g. capacity 20Ah,
CR=DR=1C, current 20A).
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Table 1
Summary of the literature review.

Author Year Parameter Investigation Charge/
discharge rates
(C)

System analysed Outcomes

Chen, et al. [17] 2024 Cavities using
vertical fins

Experimental
and numerical

2C Finned shells
configurations

▪ Reductions of 21 % in average battery-surface
temperature and 36.7 % in maximum temper-
ature difference were achieved.

▪ PCM solidification improved low-temperature
performance by delaying the decline of battery
temperature.

Dey, et al. [18] 2024 Fin design Numerical 4C, 6C, 8C Fins network ▪ Aluminum rings and vertical fins outperforms
aluminum rings and vertical interconnecting
fins.

▪ The use of aluminum rings and vertical fins
exhibits exceptional thermal management
capabilities with respect to both temperature
uniformity and peak temperature.

Dagdevir and
Ding [20]

2024 Fin shape Numerical 1C, 2C, 3C and
4C

Helical fin ▪ Helical fins improve heat dissipation by
conducting heat in the PCM’s low thermal
conductivity area.

Chen, et al. [23] 2024 Bionic spiral fin
wrapped

Experimental
and numerical

3C and 4C The distance and number
of windings turns, height,
and thickness,

▪ Optimal spiral fin parameters (thickness 1 mm,
height 1 mm, distance to cold plate 0.5 mm, 15
turns) lower maximum temperature by 2.4 ◦C
against no fins.

▪ Spiral fins raise preheating by 5.6 ◦C.
Adjusting winglet number reduces weight by

18 % while maintaining preheating.
Alghassab [27] 2024 Fin material Numerical 0.5C, 1C, and

1.7C
Aluminum and copper ▪ A reduction in peak temperature of 8 ◦C can be

achieved with 0.2 mm thick and 11.67 mm
high fins using 6 copper fins.

▪ A cooling of over 10 ◦C occurred as the fin
height increased from 2 mm to 11.67 mm.

▪ A cooling by over 5 ◦C occurred as a 4-fin
longitudinal setup with a 10 mm height.

Moaveni, et al.
[34]

2024 Fins,
nanocomposite

Numerical 3C and 4C 2, 4 fin and 3 %-9% ▪ The highest battery temperature drops by 0.71
K at 3C and 1.28 K at 4C discharge rates when
3 % volume fraction nanoparticles are added.

▪ When using four fins instead of none, the
battery’s peak temperatures drop by 4.16 K at
3C and 6.05 K at 4C.

Zare, et al. [35] 2024 Fin design Numerical 3C and 5C Internal and external fins ▪ Battery surface temperature dropped 17.45 K
(5C) and 9.90 K (3C) discharge rates with four
fins.

▪ Safe operation by keeping surface temperature
under 318.15 K.

Wu, et al. [36] 2024 Orientation Numerical 5C Gravity and inclination
angles

▪ melting time was shortened by 15 % by raising
gravity to 20g at θ = 90◦.

▪ System tilting to θ = 45◦ reduced solid PCM
formation but induced tilting.

Li, et al. [37] 2024 Fin design Experimental 18 W, 36 W and
54 W

3-D finned tube ▪ System battery temperatures were below 45 ◦C
and 2.4 ◦C different.

▪ Heat transfer was improved using 4 mm fins.
Akula, et al. [38] 2024 Pin fins Numerical 3C, 4C and C 1.4 mm, 2 mm, 3 mm,

3.5 mm and 4 mm
▪ At 5C discharge rate, pin fins lower
temperature by 3.3 ◦C more than plate fins.

▪ 260 pin fins (1 mm side) perform effectively in
all situations.

Najafi Khaboshan,
et al. [39]

2024 Fins and metal
foam

Numerical 3C Fins height and fins
length

▪ PCM, copper foam, and circular fins lowered
battery temperature by 3 K.

▪ Thermal management improved by 75 % under
normal and 66 % under extreme conditions.

Gungor and
Lorente [40]

2024 design Numerical 2C Fins’ height ▪ 2C cycle consumption of energy dropped 54.9
% (from 0.4406 kJ to 0.1963 kJ) compared to
liquid cooling.

Sazvar and
Moqtaderi [19]

2023 Stepped fins Numerical Constant
temperature of
1 ◦C

Length / Width ▪ Raising stepped fin length-to-width ratio dis-
tributes enclosure heat more uniformly.

▪ A more uniform temperature distribution
improves PCM cooling.

▪ Cooling mean power energy is optimized with a
length-to-width ratio of 9 and ϕ = 0.1.

Hong, et al. [21] 2023 T-shaped fin Numerical 1000 W/m2 Various arrangements ▪ Rectangular fins shorten the melting time by
12.8 % and T-shaped fins by 12.7 % to 25.5 %
when compared to the heat sink without fins.

▪ Rectangular fins cool walls by 15.0 ◦C.
▪ Wall temperature drops 18.9 ◦C with T-shaped
fins.

(continued on next page)
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Table 1 (continued )

Author Year Parameter Investigation Charge/
discharge rates
(C)

System analysed Outcomes

▪ Rectangular fins increase temperature
uniformity 1.5 %.

▪ T-shaped fins increase temperature uniformity
2.2 %.

Zhang, et al. [22] 2023 Vertical branch-
fins

Numerical 5C Various arrangements ▪ Increased fin coverage and transverse fins
decreased the average cell temperature by 3.14
K and 3.92 K, respectively.

▪ Fin coverage angle and lateral fins improved
heat dissipation, lowering battery temperature.

Ahmad, et al.
[26]

2023 Cylindrical fins Numerical 5C, 7C and 9C Fins’ number and
diameter

▪ A PCM thickness of 1.0 mm, 162 fins, and a fin
diameter of 3.0 mm characterise the ideal
design.

▪ Battery temperature can be decreased through
improved thermal conductivity and air
convection cooling as the number and diameter
of fins increase.

▪ BTMS uses less fan power with 162 fins, 12 mm
pitch, and 3 mm diameter to maintain battery
temperatures low.

Suresh and Saha
[28]

2023 Fin type Experimental
and numerical

Constant
temperature of
69 ◦C

Porous fin full-foam fin
solid-fi

▪ Full-foam melts and solidifies fastest, followed
by solid-fin, porous-fin, and no fins.

▪ Full-foam, solid-fin, and porous-fin have 169.9
%, 44.8 %, and 41.88 % higher temperature
response rates than no fins.

▪ The liquid fraction is slightly affected by foam
porosity than pore density.

▪ Porous-fin and full-foam distribute PCM tem-
perature more uniformly during melting and
solidification than solid fin and no fins.

Kim, et al. [29] 2023 Horizontal fins Numerical 10,986.3 W/m2 Positioning of horizontal
fins

▪ Centered horizontal fins had the longest SPT
and highest storage ratio.

▪ Energy storage increased 3.8 % with horizontal
fins.

▪ Fin arrangements affected energy storage by
2.7 %, suggesting thermal storage
optimization.

Daneh-Dezfuli
and Pordanjani
[13]

2022 Rectangular
cavities

Numerical 1C, 1.5C and 2C Increasing number of
cavities 1–15

▪ More PCM packs reduced TE-Max and
increased the melted PCM volume, leading to
faster complete melting.

▪ More PCM packs lowered TE-Min initially but
increased it over longer periods, with higher
charge/discharge rates shortening melting
time.

▪ TE-Min and TE-Max rose with longer operation
times, with melted PCM volume increasing
until fully melted.

▪ TE-Max did not exceed 325 K under the
proposed TLMT system, even in the worst-case
scenario.

Chen, et al. [14] 2022 Horizontal fins Numerical 0.5C, 1C and
1.7C

Increasing number of fins
5–15

▪ Increasing the number of fins enhances cooling
performance up to nine fins.

▪ The maximum battery temperature decreases
with up to nine fins.

▪ Beyond nine fins, the maximum temperature
either remains constant or increases.

▪ Optimal fin number for cooling: nine.
Verma and
Rakshit [16]

2022 Vertical fins Numerical 22800 W/m3-
200000 W/m3

Increasing the fins length
14–30 mm

▪ The maximum temperature dropped using 30
mm long longitudinal fins by 26 K, 22 K, and
16 K, for PCM thicknesses of 12 mm, 9 mm, and
7 mm.

▪ Thicker PCM layers caused temperature
uniformity issues, cooling inner cells more than
outer cells.

▪ Fins reduced the maximum temperature,
requiring less PCM compared to no fins.

▪ Increasing PCM thickness absorbed more heat,
with 12 mm PCM absorbing the most.

Verma, et al. [25] 2022 PCM thickness, fin
length

Numerical 4 W, 11.2 W and
35 W

PCM thicknesses 7 mm-
12 mm
Fins lengths of 14 mm-
30 mm

▪ Thick PCM layers lower maximum
temperatures but create thermal gradients
among cells.

▪ Underestimating PCM material can lead to
extreme cell temperatures. Optimal thermal
performance is achieved with a design range
(DR) of 13,007–13,036.

(continued on next page)
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Table 1 (continued )

Author Year Parameter Investigation Charge/
discharge rates
(C)

System analysed Outcomes

Khan, et al. [41] 2022 Different shapes of
PCM chamber

Numerical 1C and 4C Circular, rhombus,
rhombus, square, and
hexagonal

▪ The triangular PCM chamber had the lowest
TAVE − B and TOU, while hexagonal, and
circular cavities had the maximum.

▪ The triangular chamber had the highest HTC,
and the lozenge chamber had the lowest.

▪ Early on, the triangular cavity had the greatest
PCM melting, and the hexagonal cavity had the
minimum. At longer times, the triangular
cavity had the greatest, and the lozenge the
minimum.

Bais, et al. [42] 2022 Different
thicknesses of
PCM

Numerical 3C 1 mm to 7 mm ▪ A 4 mm thickness of RT 42 paraffin is optimal
for BTMS, with a maximum battery
temperature of 42.92 ◦C at a 3C discharge rate,
and PCM remained partially liquefied after
1200 s.

▪ Adding Al2O3/RT 42 paraffin increases the
liquid fraction with higher weight fractions.

▪ Increasing Al2O3 nanoparticle weight fraction
raises the maximum battery temperature due to
reduced latent heat, with the highest
temperatures recorded at 42.88 ◦C for 5 wt%
and 42.77 ◦C for 0.5 wt%.

Amalesh and
Lakshmi
Narasimhan
[43]

2022 Thermal
conductivity of
PCM
flow rates of
Dielectric liquid

Numerical 8C 0.2 and 1 W/m K
Flow rate 0.5 and 1 lpm

▪ Maintain battery temperature below 40 ◦C, A 2
lpm coolant flow is required for 8C fast
charging.

▪ If the thermal conductivity of PCM is not raised
to 1 W/mK or greater, then PCM-based hybrid
cooling will not be able to achieve fast
charging.

Xin, et al. [44] 2022 Composite PCM
and liquid cooling

Numerical 5C Thickness of 2––8 mm,
Expanded graphite
percentage between
3––30 %.

▪ CPCM improves heat transfer, reducing
temperature and differences in the battery
module, with optimal thickness at 4 mm.
However, CPCM alone is inadequate for rapid
discharge and high temperatures. A hybrid
BTMS with CPCM and liquid cooling effectively
meets thermal management needs.

▪ At 40 ◦C ambient and 0.01 m/s coolant
velocity, battery temperature decreases with
EG up to 12 %, then increases with higher EG.
CPCM with 12 % EG provides the best cooling
performance, maintaining temperature
differences within 5 ◦C.

Zhu, et al. [45] 2022 Composite PCM
and liquid cooling

Experimental
and numerical

2C and 4C Mass fraction 15 %-35 % ▪ The cross-channel arrangement with counter-
flow outperforms traditional designs, reducing
temperature difference and maximum temper-
ature by 2.5 K, and 4.19 K, respectively, and
improving solidification rate by 60.8 %.

▪ Cooling channel cross-section partitions affect
solidification rate and CPCM utilization. More
partitions enhance CPCM utilization but reduce
solidification rate, while fewer partitions lead
to poor temperature uniformity and higher
battery temperatures.

▪ Increasing EG mass fraction slightly improves
CPCM solidification rate but raises maximum
temperature and temperature difference.
Higher bulk density decreases both
solidification rate and maximum temperature.

Fan, et al. [15] 2021 Vertical fins Experimental
and numerical

10 W, 12.5 W
and 15 W

Changing the layout of
the fins.
Length of fins

▪ Optimal 4 fins distribution improved working
time by 15.2 %.

▪ Lengthening fins from 7.5 to 13.5 mm
increased working time by 8.3 %.

Choudhari, et al.
[24]

2021 Fin structure
layout

Numerical 1C, 2C and 3C Vertical fins ▪ The Type III fin structure layout effectively
dissipates heat from the inner cells,
maintaining outer cell temperatures and
achieving uniform temperature distribution
within the battery pack.

▪ Including rest periods of 20-, 40-, and 60-mi-
nutes during discharge and charge cycles (1C
+ 3C + 1C + 3C) reduces the average temper-
ature, and PCM melting fraction by 6.45 ◦C,
7.09 ◦C, and 7.73 ◦C, as well as by 0.5 %, 20.9
%, and 40.8 %.

(continued on next page)
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Energy equation, [49,50]:

∂(ρH)
∂t +∇ • (ρVH) = ∇ • (k∇T)+ S (3)

The total enthalpy Htot is combination of the sensible enthalpy h and
latent enthalpy ΔH, [49,50]:

Htot = h+ΔH. (4)

The sensible enthalpy is evaluated, [49,50] as:

h = href +
∫ T

Tref
CpdT, (5)

where, href(245 kJ/kg) is the reference enthalpy at the reference tem-
perature Tref (0 ◦C). The latent enthalpy, [49,50] is defined as:

ΔH = ξhsl (6)

where, ξ is the PCM liquid fraction and hsl is the latent heat of melting of
the PCM.

The liquid fraction, can be evaluated, [49,50] as follows:

ξ =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 T < Ts
(T − Ts)

(Tl − Ts)
TS < T < Tl

1 T > Tl

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

, (7)

where, Ts andTl represent the solidus and liquidus temperatures of the
PCM, respectively.

The source term, S, is utilized to gradually lower the velocities from a
finite value in the liquid phase to zero in the fully solid phase over the
computational cells that encounter a phase change, [49,50] and calcu-
lated as follows:

S =
(1 − ξ)2
(
ξ3 + ∊

)AmushV , (8)

where Amush is the mushy zone constant, which impacts the damping of
the fluid velocity into the solid region, and also influences the solution
stability [51]. A value ofAmush = 104 is used here, within the 104-107

range recommended [51]. Larger mushy zone constants were tested,
however for Amush > 104, the simulations became numerically unstable
before melting of the PCM had completed. UsingAmush = 104 is further
justified through the agreement between numerical and experimental
results, shown in the validation (Section 2.5).

2.3. Solution Methodology

Within ANSYS/Fluent 2022, the pressure-based solver and the SIM-
PLE algorithm was used to solve the governing equations, the least
squares cell based was used for spatial discretisation, the PRESTO solver
was used to solve the pressure term, and the second order upwind was
used to solve the momentum and energy equations. The conversion
criteria for the governing equations were set to be 10-6 to obtain high

Table 1 (continued )

Author Year Parameter Investigation Charge/
discharge rates
(C)

System analysed Outcomes

Mousavi, et al.
[46]

2021 PCM and mini-
channel cold
plates

Numerical 50–––800 kW/
m3

Battery orientation ▪ Battery module orientation between cold plates
greatly affects BTMS performance, with up to
30 K temperature differences. Optimal
orientation (case 3) ensures uniform cell
temperature, enhancing efficiency and
reducing maintenance costs.

▪ HMCP cooling reduces maximum battery
temperatures by 0.06, 1, and 10.35 K.

Mohammed, et al.
[47]

2021 PCM
configurations

Numerical 28,000 W/m3 Different design of PCMs
distribution using three
PCMs

▪ Higher latent heat at the top and lower at the
bottom provided optimal temperature control
at 600 s.

▪ Higher latent heat at the midsection was best at
3600 s.

▪ Design DII excelled at 600 s, but design DIVwas
superior at 3600 s for thermal performance and
uniformity.

Table 2
Thermophysical properties of the system materials [48].

Material Phase Thermal properties Value

Paraffin wax solid ρ(kg/m3) 814
Paraffin wax liquid ρ(kg/m3) 775
Paraffin wax solid k(W/m ⋅ K) 0.18
Paraffin wax liquid k(W/m ⋅ K) 0.149
Paraffin wax solid Cp(J/kg ⋅ K) 2150
Paraffin wax liquid Cp(J/kg ⋅ K) 2180
Paraffin wax solid Solidus temperature (oC) 26.9
Paraffin wax liquid Liquidus temperature (oC) 30.2
Aluminium solid ρ(kg/m3) 2719
Aluminium solid k(W/m ⋅ K) 202.4
Aluminium solid Cp(J/kg ⋅ K) 871

Table 3
Boundary conditions for validation model [48].

No. Boundary
Location

Heat Transfer Condition Physical
Motivation

1 Top Convection
heat transfer

q = hconv(Tsurface − T∞),

where hconv = 25 W/(m2

⋅K), T∞ = 20.8 ◦C

Represents
natural
convection
with ambient
air.

2 Bottom Adiabatic Solid
∂T
∂z = 0 Model bottom

as well-
insulated

3 Left Adiabatic Solid
∂T
∂x = 0 Model left

side as well-
insulated

4 Right Symmetry Solids and liquid
∂T
∂x = 0 Assume no

heat flux
through the
right side due
to symmetry.

5 Front Symmetry Solids and liquid
∂T
∂y = 0 Assume no

heat flux
through front
due to
symmetry

6 Back Adiabatic Solid
∂T
∂y = 0 Model back as

well-insulated
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accuracy for the numerical solution. The relaxation factors of 0.3, 1, 1,
0.7, 0.9, and 1 were used for the pressure, density, body force, mo-
mentum, liquid fraction, and energy, respectively.

Due to the symmetry of the system, in the numerical model one
quarter of the system was simulated, illustrated in Fig. 1(b). This illus-
tration also labels each of the six eternal boundary conditions, which
correspond to the descriptions that are described in Error! Reference
source not found. for the validation simulations, and Table 4 for the
thermal loading resting simulations with differing fin geometries.
Throughout, all mass transport boundary conditions of the fluid domain
(the PCM-filled region) are no-slip with no advection across the
boundaries.

2.4. Mesh and Sensitivity study

The computational domain was discretised into a hexahedral mesh,
with the illustration in Error! Reference source not found.(c) showing a
typical example. To examine the impact of both space and time dis-
cretisation on the simulated outcomes, the small-scale system was ini-
tialised at a uniform temperature of 21.6 ◦C, and then 5C thermal
loading conditions were applied. The liquid fraction was tracked as the
temperature of the PCM rose and melting occurred. This simulation was
repeated for a range of mesh densities and timestep sizes, as shown in
Fig. 2. It was found that a domain with 2.94× 105 cells offered a suitable
balance of accuracy and computational time, as did a timestep size of
0.1 s. These system properties are used throughout this work.

2.5. Validation

The numerical results were validated against the experimental setup
of Landini et al [48]. In the experiments, the small-scale system was
initialised at a uniform ambient temperature of 20.8 ◦C, and either a 3C
or 5C discharge applied to the cells to thermally load the system. To
match the experimental system, the boundary conditions in the nu-
merical model are defined in Table 3.

Two temperature sensors were inserted within the PCM bulk at 9 mm
(location L1) and 27 mm (location L2) measured from the top surface, as
illustrated in Error! Reference source not found.(a). The temperature at
these probes was recorded over time at 1 Hz frequency, with the results
plotted as the dashed red and black lines for the 5C and 3C discharge
rates respectively in Fig. 3. Experimental calibration of the temperature
probes suggested a temperature uncertainty of ± 0.22 K. This uncer-
tainty is indicated by the shaded regions surrounding the experimental
temperature profiles. Meanwhile, the temperature profiles from the
matching simulations are shown as solid lines. In Fig. 3(a), it can be seen
that for temperature probe location L1, the experimental results and

simulations agree to within the error margins of the temperature un-
certainty. This is also observed in Fig. 3(b) for probe location L2 under
the 3C discharge, but for the 5C discharge the simulations and experi-
ments deviate slightly up to a maximum of 0.5 K. However, given the
other sources of uncertainty present in the experimental system, such as
the 8 % uncertainty in heat generation rate, and the unknown deviation
of the cell heat generation uniformity, it is reasonable to conclude that
the simulations and experiments are in agreement.

2.6. Geometry and boundary conditions

The principal aim of this work is to understand how the type and
geometry of aluminium fins, extending into the PCM, impacts both the
maximum temperature and temperature homogeneity of the cell. A
range of fin geometries were tested, illustrated in Fig. 4. Five main types
were tested with design variants of each. Note that in this section, all
dimensions are given for the small-scale system; for the large-scale
system, all dimensions and thicknesses are scale up by a factor of 10.
The systems tested were: the original system with no fins; vertical fins
(either 5 fins separated by 3.416 mm, or 9 fins separated by 1.85 mm),
horizontal fins (3, 5, and 7 fins separated by 9 mm, 5.83 mm, and 4.25
mm respectively), then ‘A-shaped’ and ‘V-shaped’ fins (7 fins separated
by 4.25 mm, at inclination angles of 10◦, 15◦, and 20◦). Anticipating the
results, the A-shaped and V-shaped fins were designed as variations on
the best-performing system (horizontal, 7 fins) to examine the impact of
only semi-partitioning the PCM, and the effects of buoyancy. The
thickness of each fin was 0.5 mm.

The aim with the vertical and horizontal fins was to explore how
partitioning the PCM into either vertical or horizontal regions would
impact the cell temperature profile. With the A-shaped and V-shaped
fins, the aim was to partition the system only partially, and explore the
impact of buoyancy. The boundary conditions during the thermal load
and thermal resting are listed in Table 4.

3. Results

3.1. Thermal loading

3.1.1. Small-scale system
To begin with, the small-scale systems are examined under the

thermal loading conditions corresponding to a 5C cell discharge, with
the results summarised in Fig. 5. In Fig. 5(a), (b), and (c), the maximum
battery temperature Tmax, maximum temperature difference ΔT, and
PCM liquid fraction are plotted against time respectively. For visual
clarity, out of each type of fin design tested, only temperature profiles
from a representative sample are shown. Note that in experiments, a 5C

Fig. 1. (a) The geometry of the small-scale system used in [48], with cut-out showing the internal geometry. The large-scale system also considered is 10 times scale-
up of this. L1 and L2 indicate the locations of the temperature sensors used in experiments and compared to for numerical validation. (b) Illustration of the simulation
domain, one quarter of the whole system, with numbers labelling the external boundary conditions that are tabulated in Error! Reference source not found. and
Table 4. (c) Discretisation of the computational domain into a hexahedral mesh.
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discharge, by definition, lasts 720 s (indicated by the dotted vertical
line). However, in simulations, the heat generation rate can be applied
for longer to examine longer timescale changes under these high thermal
loading conditions.

In Fig. 5(a), for all systems it can be seen that for the first 70 s of
thermal loading, heat is transferred sensibly to the solid PCM and the
temperature of the whole system increases. At 70 s, Fig. 5(c), shows the

PCM begins to melt, so that up to 720 s, the majority of heat evolved
from the cell is absorbed as latent heat in melting the PCM. By
900–1000 s, all systems show a full melting of PCM, at which point the
cell temperature rises quickly as heat is transferred sensibly to the liquid
PCM.

Before detailing the relative thermal performances of each fin ge-
ometry, it is instructive to examine Fig. 5(b). It initially may be
concluded, for example, that the no-fin system is always outperformed
by any of the finned systems, as the temperature is always more inho-
mogeneous in the no-finned system (ΔT is larger). However, examining
the vertical scale shows that the ΔT of all the systems are within at most
0.2 ◦C of each other. Practically therefore, this small difference is not
sufficient to meaningfully distinguish between different fin designs. This
is exemplified by the colour maps showing the temperature and PCM
liquid fraction at 720 s in Fig. 5(d) and Fig. 5(e) respectively. Here, the
temperature variation between systems is small, and the PCM liquid
fraction is relatively uniform: there are no clear regions of solid or liquid.
This is due to the system scale: although the thermal conductivity of
solid PCM is low, the small system scale means that even under 5C
discharge conditions, there is sufficient time for a uniform temperature
distribution to be maintained across the entire PCM volume. It is
concluded then, that fin geometry has no meaningful impact on the cell
thermal profile for the small-scale system.

3.1.2. Large-scale system
In contrast to the small-scale system, in the large-scale system (a 10

× scale-up), large temperature and PCM liquid fraction inhomogeneities
are observed. Fig. 6(a–c) shows how Tmax, ΔT, and PCM liquid fraction,
respectively vary with time under 5C thermal loading. This is shown for
the same representative selection of fin geometries as in Fig. 5. To
examine the efficacy of the PCM and fin combination, snapshots of the
PCM temperature and liquid fraction are shown in Fig. 6(d) and (e)
respectively at times t = 240 s, 480 s, 720 s, and 960 s.

In the no-fin system across the time range, Fig. 6(d) and (e) show how
hot, liquid PCM accumulates at the top of the system, and cold, solid
PCM at the bottom. Thus, the cell is exposed to a large PCM temperature
gradient, resulting in ΔT= 8.6 ◦C across the cell at 720 s. Meanwhile, out
of all the systems, the no-fin system shows the lowest melting rate in
Fig. 6(c). Thus, heat is not effectively transferred to the PCM, resulting in
a large cell temperature of Tmax = 51.8 ◦C at 720 s.

Interestingly, for t ≥ 480 s, the vertical, 9-fin system also shows
similar PCM liquid fraction temperature distributions, resulting in a
large ΔT = 7.2 ◦C at 720 s. However, the large surface area of the fins is
sufficient to maintain a relatively low Tmax = 44.0 ◦C at 720 s. For t <
480 s, the vertical fin geometry is the optimally performing geometry,
both in terms of maintaining a low ΔT across the cell and maintaining a
low Tmax.

This occurs because again, the high surface-area of the fins is able to
conduct heat into the PCM effectively, but at t < 480 s, there has not
been sufficient time for liquid PCM to rise and establish a large tem-
perature gradient. For timescales less than the convection timescale, a
large surface area fin geometry is optimal.

The thermal profile of the horizontal-fin systems differs markedly.
Although in Fig. 6(c) the PCMmelting rates are comparable between the
vertical and horizontal fin systems, in Fig. 6(e) it can be seen that hor-
izontally partitioning the system means that the liquid and solid PCM is
distributed more evenly over the cell surface. The consequence of this, as
shown in Fig. 6(d), is that the cell temperature remains much more
uniform over the thermal loading duration. At 720 s, ΔT = 2.6 ◦C, the
lowest of all fin geometries tested. In terms of maintaining a low cell
temperature however, the vertical fin system is still best-performing up
to t = 620 s. For t > 620 s, the horizontal fins are best-performing. Thus,
horizontal fins are a solution if low temperature inhomogeneity is
desirable, or the thermal loading is applied for long timescales.

The A-shaped and V-shaped fins feature a semi-open design, in which
liquid PCM can explore the full height of the system only close to the

Table 4
The boundary condition during the numerical investigation.

No. Boundary
Location

Heat Transfer Condition Physical
Motivation

Thermal loading
1 Top Adiabatic Solid and liquid

∂T
∂z = 0 No heat flux

across the
surface for
both fluid and
solid.

2 Bottom Adiabatic Solid
∂T
∂z = 0 No heat flux

across the
surface for
both fluid and
solid.

3 Left Adiabatic Solid
∂T
∂x = 0 No heat flux

across the
surface for
both fluid and
solid.

4 Right Symmetry Solid and liquid
∂T
∂x = 0 Assumes no

heat flux
through the
boundary due
to symmetry.

5 Front Symmetry Solid and liquid
∂T
∂y = 0 Assumes no

heat flux
through the
boundary due
to symmetry.

6 Back Adiabatic Solid
∂T
∂y = 0 No heat flux

across the
surface for
both fluid and
solid.

Thermal resting
1 Top Convection

heat transfer
q = hconv(Tsurface − T∞),

where hconv = 5 W/(m2

⋅K), T∞ = 15 ◦C

Represents
natural
convection
with ambient
air.

2 Bottom Convection
heat transfer

q = hconv(Tsurface − T∞),

where hconv = 5 W/(m2

⋅K), T∞ = 15 ◦C

Represents
natural
convection
with ambient
air.

3 Left Convection
heat transfer

q = hconv(Tsurface − T∞),

where hconv = 5 W/(m2

⋅K), T∞ = 15 ◦C

Represents
natural
convection
with ambient
air.

4 Right Symmetry Solid and liquid
∂T
∂x = 0 Assumes no

heat flux
through the
boundary due
to symmetry.

5 Front Symmetry Solid and liquid
∂T
∂y = 0 Assumes no

heat flux
through the
boundary due
to symmetry.

6 Back Convection
heat transfer

q = hconv(Tsurface − T∞),

where hconv = 5 W/(m2

⋅K), T∞ = 15 ◦C

Represents
natural
convection
with ambient
air.
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domain boundary. For t > 480 s therefore (when liquid PCM has had
sufficient time to rise), the fins are only partially effective at reducing
the temperature gradient placed on the cell. At 720 s, ΔT for the A-
shaped and V-shaped fins in Fig. 6(b) is 4.5 ◦C and 3.7 ◦C respectively,
between that of the vertical and horizontal fins. Fig. 6(c) shows that the
PCM in the V-shaped fins melted at a slower rate than for the A-shaped
fins. In Fig. 6(e), this can be seen as the V-shaped fins maintaining a
larger volume of solid PCM distributed throughout the system than for
the A-shaped fins. Thus, the ability of fins to maintain a low ΔT follows
from the efficacy of maintaining solid PCM distributed throughout the
system volume.

3.2. Thermal resting

3.2.1. Small-scale system
Upon cessation of thermal loading, it is useful to observe how quickly

the PCM re-solidifies, and how in doing so, the cell is maintained at an
approximately constant temperature. In Fig. 7(a–c) respectively, the
evolution of Tmax, ΔT, and PCM liquid fraction, is shown, starting from
an initial system at a uniform temperature of 50 ◦C (ensuring all PCM is
liquid). Heat loss from the system occurs passively via the external
boundaries.

In Fig. 7(a), all small-scale systems cool from 50 ◦C to the liquidus
temperature, Tl = 30.5 ◦C in approximately 1.33 × 103 s (22 min). After
this, the cooling rate slows dramatically as the PCM solidifies, as shown
in Fig. 7(c). There is little difference between the cooling rates between
all fin geometries, although it is observed that due to the extra volume of

PCM compared to aluminium fin, the no-fin system takes 23 % longer to
cool to the solidus temperature Ts = 28.5 ◦C than the vertical 9-fin
system. For comparison, the volume of PCM in the no-fin system is 26
% larger than in the vertical 9-fin system.

Due to the long timescale of cooling relative to the thermal con-
duction rate through the small-scale PCM volume, as is shown in Fig. 7
(d) and (e), the PCM liquid fraction and PCM temperature remain largely
uniform throughout the thermal resting process. Thus, as seen in Fig. 7
(b), the ΔT across the cell is of the order of 0.01 ◦C for all fin geometries.
Although small, the observed spike in temperature at the onset of so-
lidification is due to the formation of hot spots in the solidifying liquid.
However, relative to the no-fin system, all fined systems are effective at
homogenising the temperature distribution arising from inhomogeneous
solidification.

3.2.2. Large-scale system
In contrast to thermal loading, for thermal resting the temperature

and liquid fraction profiles for the large system are similar to the small
system, although with all timescales extended by approximately a factor
of 10. In Fig. 8 (a–c) respectively, the evolution of Tmax, ΔT, and PCM
liquid fraction, is shown for the large-scale system. In Fig. 8(a), again, all
systems exhibit a relatively quick initial decrease in Tmax up to t = 1.36
× 104 s (3.8 h). Following this, the PCM solidifies as shown in Fig. 8(c),
with the ultimate solidification time dependent on the volume of PCM in
the system. Unlike for melting, the long cooling timescale means that the
PCM liquid fraction and temperature remain largely uniform throughout
the system, illustrated in Fig. 8 (d) and (e). This leads to small

Fig. 2. Sensitivity study conducted for the small system with no fins under 5C thermal loading conditions. The liquid fraction of PCM is tracked over the melting
transition for a range of mesh densities (a) and simulation timestep sizes (b).

Fig. 3. Validation of the numerical model against experiments. (a) Indication of the two temperature measurement locations L1 and L2. (b, c) Numerical vs.
experimental comparison of the time variation of PCM temperature at location L1 (b) and L2 (c) under 3C (black) and 5C (red) thermal loads. Simulation data is
indicated via solid lines, experimental data as dashed lines, with shaded regions indicating the range of experimental temperature measurement uncertainty.
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Fig. 4. Illustration of the aluminium fin geometries that extend from the cell (red) into the PCM (translucent grey). Due to symmetry, the computational domain is
one half of that shown, with dimensions DW, DD, and DH shown in the bottom, left-hand panel, corresponding to the domain width, depth, and height respectively. For
the small scale system, DW = 11.5 mm, DD = 6.75 mm and DH = 38 mm.

Fig. 5. Evolution of the temperature profile and PCM liquid fraction during thermal loading (5C) of the small system. (a-c) Time evolution of the: maximum
temperature in the cell (a), maximum temperature difference across the cell (b), and liquid fraction in the PCM (c), for five representative fin geometries. Due to the
small differences in thermal properties of each geometry, a snapshot is shown only at 720 s for the PCM temperature profile (d), and local PCM liquid fraction (e).
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temperature differences across the cell in Fig. 8(b), of the order of 0.1 ◦C.

4. Pareto analysis

Having evaluated the temperature distributions the cell experiences
for a variety of fin geometries, in Fig. 9, a Pareto chart method is used to
evaluate the best-performing system designs, as performed by Landini,
et al. [52] for example. In this, we define two objective functions, a

thermal objective function and a mass objective function. The thermal
objective function is based on two key metrics that should ideally be
minimised for optimal cell performance: the maximum cell temperature
Tmax and the cell temperature inhomogeneity ΔT. As both parameters
are time dependent (as shown in Fig. 5 and Fig. 6), a choice exists in how
these parameters are entered into the Pareto analysis. Here, we make
two choices. The first is to evaluate the maximum value of Tmax and ΔT
that occur for each system during the first 720 s of thermal loading.

Fig. 6. Evolution of the temperature profile and PCM liquid fraction during thermal loading of the large system. (a-c) Time evolution of the: maximum temperature
in the cell (a), maximum temperature difference across the cell (b), and liquid fraction in the PCM (c), for five representative fin geometries. (d) Snapshots of the PCM
temperature profiles at 240 s, 480 s, 720 s (the 5C limit) and 960 s. (e) Snapshots of the local liquid fraction in the PCM as time evolves.
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These are labelled Tmax(max) and ΔT(max) respectively. 0 s − 720 s is
chosen as the evaluation interval, as this corresponds to 5C cell dis-
charging conditions as mentioned previously. The thermal objective
function is the product Tmax(max).ΔT(max). For all systems tested,
Tmax(max) and ΔT(max) occurred at 720 s, so this thermal objective
function reflects the thermal profile of the cell at the end of the thermal
loading period.

The second choice is to average the values of Tmax and ΔT across the
first 720 s of thermal loading. These are labelled Tmax(med) and ΔT
(med), with ‘med’ indicating that the median was taken. The thermal
objective function using these values is the product Tmax(med).ΔT(med).
Systems with a low Tmax(med).ΔT(med) are characterised as having, on
average across the 5C discharge, both low cell temperatures and high
temperature uniformity.

For the mass objective function, the percentage increase in mass that
the PCM and fins add relative to the system without this TMS, i.e. LIB, is
chosen. The mass objective function therefore captures the trade-off
when installing such a TMS: cell temperature characteristics are
improved, but at the expense of adding weight to the system.

In Fig. 9 (a), the Pareto chart is shown for the large-scale system with
the thermal optimisation function Tmax(max).ΔT(max). From a thermal
perspective, all three horizontal fin systems performwell, and are able to
minimise both Tmax and ΔT at the 720 s point, as discussed in the large-
scale thermal loading section. The A-shaped and V-shaped fins perform
similarly, but the vertical fins show a poor improvement over the no-fin
system, due to the large cell temperature and temperature gradients
observed at t = 720 s.

In Fig. 9 (b), the Pareto chart for the large-scale system with the
thermal optimisation function Tmax(med).ΔT(med) is shown. In contrast

to Fig. 9 (a), the vertical fins (particularly the 9-finned system) now
show markedly improved thermal properties relative to the no-fin case.
It was reasoned in Fig. 6 that for the first 480 s of the 720 s thermal
loading, the large fin surface area was able to effectively transfer heat
from the cell to the PCM, and maintain a uniform temperature distri-
bution. However, although the vertical 9-fin system has favourable
average thermal properties, the quantity of aluminium required for the
fins does make this the heaviest system to implement. Interestingly, the
V-shaped fins at a 10◦ inclination show the overall best thermal per-
formance, not the horizontal 7-fin system. This is due to the V-shaped
fins having a marginally smaller Tmax and ΔT across the first 600 s of
thermal loading. The horizontal 7-fin system only outcompetes this in
the final 120 s of thermal loading. If a low mass is preferable over a high
thermal performance, the horizontal 3-fin system offers markedly better
thermal properties than the no-fin system, with only a small mass
penalty.

In Fig. 9 (c), and (d), Pareto charts for the small-scale system are
shown with thermal objective functions Tmax(max).ΔT(max) and
Tmax(med).ΔT(med) respectively. For the small-scale systems, there is
relatively little change in the relative thermal performance between
both thermal optimisation functions. In both, the vertical 5-, and 7-fins,
and the horizontal 3- and 5-fins perform well thermally, with the hori-
zontal 3-fin system having the lowest mass increase relative to the no-fin
system. However, it is important to be mindful of the key conclusion
drawn from Fig. 5: the small system scale means that practically
speaking, the fins contribute little to the thermal performance relative to
the no-fin system.

Fig. 7. Evolution of the temperature profile and PCM liquid fraction during the cell rest period of the small system, starting from a fully melted PCM. (a-c) Time
evolution of the: maximum temperature in the cell (a), maximum temperature difference across the cell (b), and liquid fraction in the PCM (c), for five representative
fin geometries. Due to the small differences in the cooling profiles of each geometry, PCM temperature profiles (d) and local liquid fraction (e) are shown at 1,000 s,
and 4,000 s only for the no-fin and 9-vertical fin geometries.
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5. Conclusion

In this work, a numerical model was developed in Ansys Fluent to
examine the melting and solidification profiles of a Phase Change Ma-
terial (PCM) – based passive thermal management system (TMS), for the
application of cooling and improving temperature uniformity across a
lithium-ion cell under 5C discharge conditions. The principal aim of this
work was then to explore the efficacy of different aluminium fin ge-
ometries at enhancing both the cooling and temperature uniformity
properties, and examine how this efficacy changed with both the TMS
system scale and thermal loading/resting duration.

To begin with, the numerical model was established and validated
against the experimental system of Landini et al. [48]. A variety of
differing fin geometries were then applied in the model, including
horizontal, vertical, and arrow-shaped fins (‘A’-shaped and ‘V’-shaped).
Two different system scales were examined: a small-scale system with
dimensions of the order of 10 mm, and a large-scale system with di-
mensions of the order 100 mm.

For small-scale systems, fins offered no meaningful improvement on
the thermal properties compared to PCM alone: at the end of a 720 s
discharge, the maximum cell temperature was 29.8 ◦C for the no-fin
system, compared to 29.7 ◦C with the best-performing A-shaped fins.
The maximum temperature difference recorded under loading was only
0.25 ◦C. This was because, despite the low thermal conductivity of PCM,
the small system dimensions (38.5 × 24 × 14.5) mm meant that a
relatively uniform temperature could be maintained throughout the
entire system during both thermal loading and thermal resting. For such
small systems therefore, no fins are required to achieve near-optimal
performance.

In contrast, when scaling up each system dimension by a factor of 10,
the fin geometry substantially influenced the temperature profiles under
thermal loading, but not thermal resting. Interestingly, the efficacy of
the fins under loading conditions depended on the timescale that the
thermal discharge was applied for. For example, after 480 s of discharge,
for the no-fin system, the maximum cell temperature was 45.1 ◦C with a
temperature disuniformity of 4.5 ◦C, compared to 9, vertical fins:
38.3 ◦C with a disuniformity of 2.4 ◦C. At 720 s, the no-fin system
showed a maximum cell temperature of 51.8 ◦C and disuniformity of
8.6 ◦C. For the 9, vertical fin system, the maximum cell temperature was
44.0 ◦C with a large, 7.2 ◦C, disuniformity, as PCM convection causes
large thermal gradients, degrading performance. In contrast, 7, hori-
zontal fins maintain a relatively low maximum cell temperature
(42.5 ◦C) and disuniformity (2.6 ◦C).

Finally, given the survey of fin geometries and temperature profiles,
a Pareto-style analysis was used to indicate the best-performing fin ge-
ometries. In this analysis, two objectives were considered: (1) a mass
objective, with the aim of minimising the weight of the passive thermal
management system, (2) a thermal objective, with the aim of minimising
both the battery temperature and temperature disuniformity. For the
large system, if the desired aimwas to reduce the maximum temperature
and temperature disuniformity across the cell during the 720 s
discharge, 7 horizontal fins showed the best thermal performance, with
the fins and PCM increasing the system mass by 20 %. 3 horizontal fins
were the lightest (increasing the mass of the system by 18 %), and also
showed substantially improved thermal properties over the no-finned
system. If instead, the desire was to reduce the average maximum
temperature and temperature disuniformity across the 720 s of
discharge, then the V-shaped fins at 10◦ of inclination showed the best

Fig. 8. Evolution of the temperature profile and PCM liquid fraction during the cell rest period of the large system, starting from a fully melted PCM. (a-c) Time
evolution of the: maximum temperature in the cell (a), maximum temperature difference across the cell (b), and liquid fraction in the PCM (c), for five representative
fin geometries. Due to the small differences in the cooling profiles of each geometry, PCM temperature profiles (d) and local liquid fraction (e) are shown at 10,000 s,
and 40,000 s only for the no-fin and 9-vertical fin geometries.
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thermal properties, and contributed a 19 % increase in the system mass.
Overall, this study has shown how the scale of the TMS and typical

discharge time impacts which fin geometry is best suited to maintaining
low cell temperature and low temperature disuniformity. A limitation of
this work is that both the cell discharge rate and external conditions
were constant in time. Given the clear time-dependent efficacy of
different fin geometries, future work will therefore be expanded to
include cyclic thermal loading scenarios, changeable climatic condi-
tions, and dynamic discharge rates in order to mimic real-life use cases.
Likewise, this work also modelled the cell in an idealized way −

providing a spatially uniform heat generation rate. Future work will
model the inherent non-uniformity in heat generation rate from real
cells. Finally, although a range of fin geometries were examined here,
the design space remains broad and largely unexplored. It will be
interesting therefore to perform a comprehensive optimization on fin
geometry, in order to optimize thermal performance while minimizing
such considerations as TMS mass and material cost.
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