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ARTICLE INFO ABSTRACT
Keywords: With the growing demand for efficient and safe energy storage solutions, this study explores the effective and
Hybrid battery thermal management system optimised integration of copper metal foam in hybrid battery thermal management systems (HBTMS). A novel
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HBTMS design is proposed, combining cooling plates with enhanced liquid cooling by metal foam layers in
copper tubes and phase change material (PCM) cooling improved by copper foam longitudinal fins. Numerical
simulations were conducted using a lumped-capacitance thermal model for transient battery heat generation, the
enthalpy-porosity method for PCM, Darcy-Brinkman-Forchheimer (DBF), local thermal equilibrium (LTE) and
non-equilibrium (LTNE) models for metal foam. Unlike previous studies that address passive and active cooling
separately, present investigation uniquely integrates copper foam into both domains by enhancing conduction in
the PCM and improving convection in the coolant channels. This integrated approach achieves superior thermal
control, improved energy density, and ensures operational safety. The system’s performance under high 5C
discharge rates demonstrated a significant reduction of about 9 K in the maximum battery surface temperature
compared to pure PCM cooling while maintaining the maximum battery surface temperature difference below 1
K. The study highlights the optimal copper foam layer thickness of 4 mm, balancing improved heat transfer and
minimal pressure drop. Furthermore, the incorporation of the metal foam layers reduced the number of required
cooling plates, resulting in an 11 % improvement in energy density.

temperature gradient below 5 °C [9-11]. Consequently, employing an
effective battery thermal management system (BTMS) is essential to
ensure both optimal performance and safety.

Phase change materials (PCM) are capable of absorbing generated
heat via latent heat. Since the phase change process occurs at a nearly
constant temperature, it can provide a reliable and consistent thermal
management approach. A major issue with the application of PCMs is
found to be the low thermal conductivity [12-14]. This could be
enhanced by the incorporation of metal foams [15]. However, the
addition of metal foams will also reduce the volume fraction of pure
PCM per unit volume, hence lowering the PCM’s latent heat and heat
storage capacity. In order to improve the thermal conductivity of the
PCM, it is necessary to determine the optimal amount of any additional
material [10,16]. Sun et al. [17] conducted an experimental study of
BTMS for LG 21,700 NMC811 battery using paraffin and copper foam.
They demonstrated that selecting a PCM with higher latent heat
improved the cell-to-pack ratio and limited the temperature difference
in the battery module to less than 5 °C at 3C discharge rate. Rajan et al.

1. Introduction

In light of increasing concerns about climate change and the carbon
footprint of fossil fuels, researchers are actively exploring alternative
energy sources to mitigate greenhouse gas emissions [1]. Lithium-ion
batteries (LIBs), in particular, have attracted significant interest as one
of the most promising alternatives, owing to their exceptional energy
efficiency, immunity to memory effect, and low self-discharge, charac-
teristics that make them a dependable option for electrical energy
storage [2]. However, the performance of LIBs is highly sensitive to
temperature. Under low-temperature conditions, battery efficiency de-
teriorates, leading to decreased charge acceptance, reduced energy
storage capacity, lower power output, and faster degradation [3,4].
Conversely, high temperatures degrade capacity, shorten lifespan, and
pose safety risks, including thermal runaway [5,6]. Generally, the
optimal operating temperature range for LIBs is between 25 °C and 45 °C
[7,8]. Also, it is vital to maintain uniform temperature, keeping the
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Nomenclature

Ap Constant for mushy zone (kg- m3.s71)
C Coefficient of inertia

Co Battery nominal capacity (Ah)

Cr Geometric parameter

Cp Specific heat capacity (J-kg~1-K™1)
D Copper tube diameter (m)

Eq Energy density (Wh-kg™!)

F; Safety coefficient

H Total enthalpy (J)

I Electric current (A)

K Permeability of the metal foam (m?)
L¢ Liquid fraction

N Total number of grids

Nu Nusselt number (average)

P Pressure (Pa)

P Convergence rate

Q: Total heat generation rate (W)
R¢ Internal resistance (Q)

T Temperature (K)

U Nominal voltage (V)

_
A%

Velocity vector (m-s™1)

V; Volume of each computational cell (m®)
Y Dimensionless coordinate

agr Specific surface area mhH

d¢ Ligament diameter (m)

dp Pore size (m)

f Solution value

fr Friction factor

g Acceleration due to gravity (m-s~2)

h Sensible enthalpy (J-kg™)

h¢ Latent heat of fusion (J ~kg’1)

hgt Solid-fluid heat transfer coefficient (W-m~2K™ 1)
k Thermal conductivity W-m tK™h

Kia Coefficient of thermal dispersion W-m LK™
m Mass (kg)

Qb Heat generation per unit volume (W-m~3)
r Ratio of grid refinement

t Time (s)

AP Pressure drop (Pa)

AT Temperature variation (K)

& Entropy coefficient (V-K™1)

Greek Letters

[0} Pore density (PPI)

B Thermal expansion coefficient &®hH

€ Porosity

e Relative error

p Dynamic viscosity (Pa-s)

p Density (kg-m>)

0 Non-dimensional temperature

Subscripts

Amb Ambient

b Battery

eff Effective

f Fluid

Max Maximum

ref Reference

s Solid

Sur Surface

t Total

[18] and Buonomo et al. [19] employed experimental and numerical
approaches to analyse the effects of copper foam. Rajan et al. [18] found
that copper foam reduced the maximum temperature of a LiFePOy4
battery by 7 °C and achieved a uniform temperature profile, while
Buonomo et al. [19] highlighted the role of 40 PPI copper foam in
enhancing thermal conductivity over 20 PPI foam. El Idi et al. [20,21]
combined experimental and numerical methods to study a BTMS for
18,650 LIBs with paraffin RT27 and aluminium foam. They emphasised
the importance of axial thermal conductivity, achieving up to an 11 °C
reduction in temperature while maintaining operating temperatures
around 25 °C. Lin et al. [22] conducted an experimental study to
investigate the thermal management of 18,650 LIBs using a
CNT@MZXene porous composite PCM system. The study demonstrated
that the integration of the porous media significantly improved the
thermal conductivity of the PCM, reducing maximum battery tempera-
tures by up to 14.19 °C and lowering the temperature rise rate by 50 %
under high C-rate conditions. Additionally, their findings indicated that
the system effectively enhanced temperature uniformity, decreased PCM
leakage, and extended battery lifespan by 28.13 %, 18.92 %, and 11.83
% under 4C, 3C, and 2C discharge rates, respectively. Li et al. [23]
conducted a numerical study on a BTMS using PCM combined with
toroidal porous media for cylindrical LIBs, investigating the effects of
Rayleigh number, porous structure thickness, and material type. They
found that a thickness of 0.273R optimally balanced conduction and
convection, and reduced the melting time by up to 24.6 %. At high
Rayleigh numbers, excessive convection led to heat accumulation,
slowing full PCM melting. Structural configuration had a more signifi-
cant impact than material type, with scattered porous distributions
improving temperature uniformity and latent heat usage.

Liquid cooling offers superior heat transfer rates and enhanced

cooling performance compared to PCM-based cooling systems and is
widely recognised as the most commonly adopted method in practical
applications. It is employed in electric vehicles such as the Chevrolet
Volt, Tesla Model S, Tesla Model 3, and BMW i3 and i8 [9]. A critical
aspect of liquid cooling system design lies in the configuration of liquid
flow channels within cooling plates or jackets. In systems utilising
conventional straight channels, a thermal boundary layer develops
along the flow direction, leading to a gradual increase in the coolant’s
temperature [24,25]. To mitigate this effect, the introduction of metal
foams or obstacles can promote the redevelopment of the thermal
boundary layer. The crossflow mixing induced by metal foam within the
channels disrupts boundary layer formation, effectively reducing the
undesirable temperature rise of the coolant along its path. This approach
enhances heat transfer and improves cooling efficiency [24,25]. Addi-
tionally, incorporating metal foam enables the cooling system to achieve
desired temperatures at lower flow rates, further optimising energy use.
However, the accompanying increase in pressure drop due to metal foam
must be carefully managed to ensure system efficiency and reliability
[25,26]. Du et al. [27] conducted a numerical study on a BTMS for
18,650 LIBs using liquid-cooling channels filled with triply periodic
minimal surface (TPMS) porous structures. They demonstrated that
incorporating primitive TPMS structures reduced the maximum battery
temperature by 12.43 % and improved thermal uniformity by 8.41 %
compared to conventional straight tube cooling. Additionally,
increasing the porous structure volume fraction to 20 % provided the
best balance between heat dissipation and pressure drop. Rabiei et al.
[28] carried out a numerical study on a HBTMS based on water and
aluminium foam for LiFePO4 prismatic batteries. They demonstrated
that the implementation of wavy microchannels significantly reduced
pumping power requirements between 50 % to 73 %. Similarly,
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incorporating a thin metal foam layer decreased pumping power by 50
%. Ki et al. [25] conducted a combined experimental and numerical
study on BTMS based on liquid cooling and aluminium foam layer for
pouch-type LIBs. Their proposed BTMS achieved 43.3 °C as the
maximum cell temperature and maintained a temperature difference of
below 2 °C with a flow rate of only 3 L/min. This system leveraged the
aluminium foam layer to increase the heat transfer area and reduce
thermal dispersion resistance. Jiang et al. [29] numerically analysed a
HBTMS for prismatic LIBs integrating active cooling through water-
filled mini-channels and passive cooling with a PCM heat sink
enhanced by porous media. The obtained results indicated a reduction in
maximum temperatures by 13 K at a 3C discharge rate while main-
taining energy efficiency with only a 14 % increase in pumping power.
Jongpluempiti et al. [30] conducted an experimental and numerical
investigation on a liquid-cooled HBTMS for a module composed of
18,650 LIBs. The study evaluated two cooling configurations, one
incorporating copper foam and one without, under a constant 0.13C
discharge rate. The results indicated that the inclusion of copper foam
enhanced heat transfer by increasing the surface area and promoting
coolant mixing. This led to a reduction in maximum battery temperature
from 27.4 °C to 26.3 °C and improved temperature uniformity,
decreasing the maximum temperature difference from 0.75 °C to
0.35 °C. Ningegowda et al. [31] performed a numerical investigation of
immersion cooling for 18,650 LIBs using splitter hole configurations.
The study compared hole diameters of 2 mm and 3 mm, demonstrating
that the smaller diameter facilitated improved cooling performance due
to increased flow velocity. Among the tested configurations, Case-3,
which featured a reduction in splitter holes along the row-wise direc-
tion, achieved the most uniform temperature distribution.

Combining active and passive cooling as hybrid battery thermal
management system (HBTMS) has emerged as a promising thermal
management method [32,33]. The integration of metal foam signifi-
cantly enhances both active and passive heat transfer, owing to its
interconnected pore structure, which facilitates multiple modes of heat
transfer [15]. More importantly due to the structure of the metal foams
the overall mass of the HBTMS could considerably be reduced, thereby
contributing to higher energy density [34]. Khaboshan et al. [35]
implemented a numerical study on a HBTMS for 18,650 LIBs incorpo-
rating PCM, copper foam, and fins. This configuration achieved a surface
temperature reduction of 3 K by enabling effective heat distribution
through the system’s core. Similarly, Liu et al. [36] numerically inves-
tigated water-based HBTMS with PCM28HC, PCM35HC, and copper
foam. Their study demonstrated that helical cooling channels out-
performed straight channels, reducing the maximum temperature by
over 30 K compared to natural convection. Zhao et al. [37] numerically
showed that adding copper foam to a PCM module reduced the surface
temperature of 18,650 batteries by 14 °C, maintaining system temper-
ature near the PCM melting point during extended operation.
Mashayekhi et al. [38] experimentally studied the thermal phases in an
HBTMS for 18,650 batteries, demonstrating that conduction dominated
the initial melting phase of the PCM, while convection became the pri-
mary mode of heat transfer in the middle stages. Their findings
emphasised the importance of optimising materials and configurations
to maintain temperature uniformity and safety. Yang et al. [39] pro-
posed a novel HBTMS for 40 Ah prismatic LIBs, integrating TPMS
structures, PCM, and liquid cooling, along with a delayed cooling
strategy based on battery temperature thresholds. Their simulations
showed that the IWP-type TPMS composite enhanced PCM thermal
conductivity to 21.3 W/(m-K) and increased the melting rate by 2.7
times compared to rectangular cavities. The delayed cooling scheme
raised the PCM liquid fraction from 0.25 to 0.97 while reducing pump
energy consumption by 73 %, without compromising temperature
safety. Under cyclic conditions, the system demonstrated stable thermal
behaviour and efficient latent heat recovery.

While numerous studies have explored the use of metal foams in
BTMSs to enhance the thermal conductivity of PCMs or to improve
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liquid cooling efficiency, there remains a significant gap in the literature
concerning their simultaneous and optimised integration in HBTMSs
that combine both active and passive cooling strategies. Most existing
research has focused on traditional solid fin configurations, overlooking
the enhanced thermal performance offered by advanced structures such
as metal foam fins. Metal foam, due to its high porosity and large surface
area, can improve conduction within the PCM for passive cooling and
simultaneously enhance forced convection in liquid cooling channels,
thus delivering a dual-mode thermal advantage. The majority of prior
work has concentrated solely on thermal behaviour, without addressing
the potential to improve system energy density. This is an important
factor that is influenced by the structural characteristics and integration
of metal foam. Therefore, a comprehensive design strategy that con-
siders both thermal performance and energy density remains
underdeveloped.

In the previous study [40], a novel HBTMS integrating PCM, metal
foam fins, and liquid cooling with metal foam layers was analysed. The
research focused on optimising the porosity and pore density of metal
foam to enhance thermal conduction, convective cooling, and energy
density. A detailed comparison between metal foam fins and conven-
tional solid fins demonstrated that metal foam fins significantly out-
performed solid fins in heat transfer performance, while also providing a
25 % improvement in energy density. The study identified metal foam
with a porosity of 0.9 and a pore density of 30 PPI as the optimal
configuration for achieving enhanced thermal management and high
energy density. While this study established the thermal benefits of
metal foam, further investigation is required to broaden its applicability
by considering key design parameters, including the influence of
structural configurations and external conditions on system efficiency
and energy density. Present investigation aims to bridges these gaps by
investigating the optimal thickness of metal foam layers, the influence of
the number of cooling plates with or without metal foam layers on both
thermal performance and energy density, and the impact of ambient
temperature on the effectiveness of the system across different operating
conditions. By addressing these design parameters, this research pro-
vides a more comprehensive framework for integrating metal foam-
based HBTMS in practical applications.

2. Defining the problem and introducing the developed HBTMS

The developed HBTMS integrated PCM, liquid cooling, and metal
foam, which was utilised both as fins and layers. As depicted in Fig. 1,
the pack comprises twelve 18,650 LIBs. Metal foam served dual pur-
poses: as longitudinal fins surrounding the batteries within the PCM and
as layers inside the copper tubes. Fig. 1 (a) illustrates the system’s
various components. To ensure better heat dissipation and prevent
direct contact between the PCM and the batteries, each cell was encased
in an aluminium housing. To enhance the PCM’s thermal conductivity,
metal foam fins were embedded longitudinally, and the PCM occupied
fins’ pores. To regulate the paraffin’s phase change, cooling plates made
of aluminium with embedded copper tubes were integrated, enabling
water to act as the system’s coolant. Fig. 1 (b) outlines the engineering
drawing of the system with detailed dimensions for different number of
cooling plates, which were determined based on standard practices in
the literature, manufacturing constraints of metal foam, and standard
dimensions for copper tubes.

For this study, 18,650 LIBs (LiNixCoyMnz02), commonly known as
NCM, were utilised due to their high energy density. These batteries are
also widely used in electric vehicles [41,42]. The NCM 18650 battery
features a nominal voltage of 3.7 V, a nominal capacity of 2.6 Ah, and a
mass of 0.0475 kg. Its thermal properties include a radial thermal con-
ductivity of 0.2 W-m 1.K™!, an axial thermal conductivity of 37.6
W-m LK™}, and a specific heat capacity of 1200 Jkg L.K™! [43].
Aluminium alloy was used for the cooling plates and battery housings,
copper foam served as fins and layers, and paraffin was utilised as the
PCM. These materials were selected based on their ability to optimise
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Fig. 1. Proposed HBTMS (a) system components and (b) dimensional specifications for different number of cooling plates.

heat transfer and maintain a lightweight system design, ensuring effi-
cient thermal management and high energy density. The thermophysical
properties of the materials were considered based on [40].

3. Numerical modelling

To evaluate the influence of various parameters, including the
number of cooling plates (one, two, and three with and without metal
foam layer), the thickness of the metal foam layer within the copper
tubes (0, 2, 4, 5, 6, and 8.4 mm), and ambient temperature (303.15,
308.15, 313.15, and 318.15 K), on the effectiveness of the proposed
HBTMS, 3D simulations were carried out using the commercial CFD
software ANSYS FLUENT 23/R2.
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3.1. Battery transient heat generation modelling

The lumped-capacitance model was employed to simulate the real-
time transient heat generation of the LIBs. This model was found to be
appropriate as the calculated Biot number [40] is below 0.1 [44]. This
model determines heat generation based on voltage and current char-
acteristics assuming constant thermo-physical properties for the battery
[45].

The total generated heat in LIBs based on the Bernardi equation is as
follows [43]:

_ 2 dE
Q = RI _z{r(d—T)} &)



A. Keyhani-Asl et al.

where Q; is the total heat generation, I is the electric current, T is the
temperature, R; is the total internal resistance, and £ is the entropy
coefficient. The total internal resistance and entropy coefficient are
calculated as presented in Table 1 and equation (2), respectively, based
on experimental hybrid pulse power characterization (HPPC) test data
[46] to model transient battery heat generation for the high discharge
rate of 5C. As the discharge rate is the ratio of discharge current to the
battery’s nominal capacity [47], the corresponding discharge times for
5Cis 720 s.

dE
- 355 x SOC + 1898 x SOC* — 5121 x SOC? @
where SOC is the state of charge of the battery.

The heat generation per unit volume of the battery (g;) is expressed
by:

Q

- VOLbattery

e[3 3)

where Vol pagery is the battery volume.
3.2. Governing equations and initial and boundary conditions

To simulate the behaviour of the PCM, enthalpy-porosity model was
applied, where the mushy zone, characterized by the coexistence of solid
and liquid phases, is considered a porous medium. This model in-
corporates the effects of latent heat into the energy equation without
explicit phase interface tracking [48]. During the melting and solidifi-
cation processes of a pure PCM without copper foam, three zones are
identified: solid, liquid, and mushy. The mushy zone represents a tran-
sitional phase where both solid and liquid PCM coexist. In this region,
the unmelted PCM forms a solid framework, while the melted PCM fills
the gaps, effectively behaving as a porous medium. For composite PCM
integrated with metal foam, the liquid phase was also modelled as a
porous medium but with a porosity that differs from that of the mushy
zone [49].

The representative elementary volume (r.e.v) method was employed
for copper foam modelling in conjunction with the Darcy-Brinkman-
Forchheimer (DBF) model. The local thermal equilibrium (LTE) model
was applied to the metal foam fins, while the local thermal non-
equilibrium (LTNE) model was utilised for the metal foam layers
within the copper tubes.

Based on the stated assumptions outlined in [40], the governing
equations for the PCM and metal foam fins and liquid cooling with metal
foam layer are presented in Table 2 and Table 3, respectively.

In Table 2, for the equations applicable to areas without metal foam
fins or PCM-only regions, the porosity is set to 1. The momentum
equation excludes the source terms since metal foam is not present.
Furthermore, Ly is expressed as [55]:

Table 1
Total internal resistance in various temperatures [46].
Total internal resistance (R,) Temperature
)

166 —1334 x SOC + 6559 x SOC? —16531 x SOC® + 22391 x 293
S0C* —15496 x SOC® + 4301 x SOC®

107 —793 x SOC + 4036 x SOC* —10514 x SOC® + 14700 x 303
SOC* —10480 x SOC® + 2989 x SOC®

66 —382 x SOC + 1962 x SOG? —5181 x SOCG® + 7378 x 313
SOC* —5365 x SOC® + 1559 x SOC®

58 —355 x SOC + 1898 x SOG? —5121 x SOC® + 7367 x 323
SOC* —5374 x SOC® + 1559 x SOC®

48 —233 x SOC + 1225 x SOC? —3263 x SOC® + 4667 x 333

S0C* —3406 x SOC® + 992 x SOC®
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0ifT < T;
T — Tsoii
Lf _ ﬁl _ Solidus Ts <T< Tl ( 4)
hf TLiquidus — Tisolidus
1lfT >T

where AH is latent heat.
The total enthalpy is defined as:

H=h+AH (5)

where h is the sensible enthalpy and calculated as:
T
h=h.+ / Gy dT (6)
Tref

where h, is the sensible enthalpy at the ambient temperature, which is
considered as the reference temperature.
Permeability and coefficient of inertia are given as [56]:

K = 0.00073(1 — ) ***d, 71 d,>" )

d -1.63
C =0.0012(1 — &) 1% (di) (8)
P

where dr and d, are ligament diameter, pore size, respectively and are
defined as [57,58]:

dy = 1.18dp1/% ©

d, = 0.0224/w (10)

where w is the pore density as pores per inch (PPI).
Based on the LTE model, the effective thermal conductivity is
considered as follows [59]:

keff = (1 — S)ks +€kf (11)
where k is the thermal conductivity.

In Table 3, permeability of the metal foam layer and the geometric
parameter are defined as [60]:

e3d?
=——PF _ 12)
150(1 —¢)
1.75
% = isoe a2

Effective thermal conductivity for solid and fluid phase of the metal
foam layer are calculated as follows [61-63]:

ks, = (1—)°7%%k, (14)

off
kfaff = (:‘kf +keq (15)

where ky is the coefficient of thermal dispersion based on the following
[61-63]:

ka = 0.025p,G, VK| V| (16)

Fluid-to-solid heat transfer coefficient and specific surface area are
defined as follows [64,65]:

K\ ARV
hy = <i> 1+1.1( 22 a7
dp ke My

1-—
oy =222 s

2
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Table 2
Governing equations for the PCM and metal foam fins [50,51].
Equation Expression Description
Continuity 0(;) iV Pf —0 p: density, V: velocity vector
Momentum ;a vV € : porosity, P : pressure, y : dynamic viscosity, f: thermal expansion coefficient,

g;{'f(vv)v:fww

L°+0001 K VK
OepyLshy
ot

U
s (VZ ) ~Ppasbye(T~Trg) € ~An

Energy (Based on 0epCy, T
LTE method) ot

+ v(,)fcp, V. T) V(kggVT) — + v(prTthf)

A-L)® — p ”fcm 7

T : temperature, g: acceleration due to gravity, A, = 10° [52]: mushy zone

constant, L : liquid fraction, K : permeability, C : coefficient of inertia, 7) :

magnitude of the velocity vector
C, : specific heat, k. : effective thermal conductivity, hs: latent heat of fusion

Table 3
Governing equations for metal foam layer enhanced liquid cooling [53,54].
Equation Expression Description
Continuity P g oV =0 p: density, V: velocity
a vector
Momentum Clear region: € : porosity, P : pressure,

p : dynamic viscosity,
K : permeability, Cr : g
eometric parameter,

pg +/)VA(V\7) = —VP +
1y (_)Vz 7) Metal foam region: ‘ 7‘ . magaitude of the
%‘:#’v (VV) = -vp+

(7)o 7]y

Clear region:
9(pGpTy)
ot

velocity vector

Energy (Based
on LTNE
method)

C, : specific heat, T:
temperature, k : thermal
conductivity, hy : fluid-
to-solid heat transfer
coefficient, ay: specific
surface area

+ (06, VTy) =
V- (ks V'Ty)Metal foam region:
Solid phase:
I(psCpT) _
o
V- (key V,) ~hygay (T, ~Ty)Fluid
phase:
Ap,Cy Ty G VT,
(pCoTy) Jrv.<Pf P f) _
ot 3

V- (kf VT[) + hsfllsf( Tf)

Adiabatic boundary condition was applied to the bottom of the
HBTMS. Constant mass flow rate of 0.001 kg/s was set at the inlet, where
the temperature was maintained at 303.15 K, to ensure a balance be-
tween maintaining effective cooling performance and minimising
pumping power requirements. The porosity and pore density of the
copper metal foam have been assumed to be constant at 0.9 and 30 PPI
[40], respectively, throughout the study. For water flow in the copper
tubes with metal foam layers, the Reynolds number in the unobstructed
region was calculated as 151.2, remaining considerably lower than the
critical limit of 2000 [66]. Additionally, the permeability Reynolds
number for the metal foam layer was determined to be 0.123, which is
far below the threshold value of 100 [24,67], confirming laminar flow
for all simulations. At the outlet, pressure outlet boundary condition was
maintained at atmospheric pressure. No-slip boundary condition was
enforced on the walls. For the remaining surfaces, Robin boundary
condition (third kind) was applied as follows:

4 Twall

- kwall on (19)

= h(Twar — Tams)

where h represents the convection heat transfer coefficient, which was
assumed to be 10 W-m 2K ' [47] corresponding to air natural
convection.

At the solid-liquid interface within the metal foam, the following
boundary conditions were applied for LTE and LTNE models. In the
LTNE model, the negative sign is retained to explicitly account for the
directionality of heat flux, whereas in the LTE formulation, it is typically

omitted due to the assumption of temperature continuity across the
interface.

LTE [68-70]
-V (20)
 fluid metalfoam
ov| oV
Wom| ~Heton
 fluid metalfoam
Tﬂuid = Tmemlfnam
oT| oT
L I
on | fluid i on metalfoam
LTNE [71]
7
| fluid - metalfoam
oV v
Hom| ~Heton
| fluid metalfoam
oT oT
—kf_ — _ke — =q; rfe (21)
on | fluid ijan metalfoam erce
JoT oT
—k— = —k o =gq;
fan | fluid H on metalfoam erface

The governing equations were solved numerically using the specified
boundary and initial conditions. Pressure-velocity coupling was ach-
ieved using the SIMPLE scheme. The convective terms were discretised
using a second-order upwind scheme, the transient terms were dis-
cretised using a second-order implicit time integration scheme, and the
diffusion terms were treated through spatial gradient reconstruction
using the least squares cell-based method. Convergence criteria were set
with residuals of 10 for the continuity and momentum equations, and
10° for the energy equation.

3.3. Mesh and time-step independence analysis

The assessment of grid independence was conducted using the Grid
Convergence Index (GCI) [72,73], which is defined as:

|5r|

GCI =F, 2

(22)

where F; is a safety coefficient and considered to be 1.25 as three grids
was compared. p is the convergence rate with theoretical value of 1.97
for a second-order method. The relative error &, is calculated as:

fur —fi

& = T (23)

where fi; and f; represent the solution values obtained from the fine and
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coarse grids, respectively. These values correspond to the maximum

temperature of the battery surface at 720 s. The ratio of grid refinement

r; is calculated as:
h;

Tiiy1 = 77—
: B
+1

2 Z?;Avi
h; = \IT (25)

where h; is the average grid spacing, V; is the volume of each compu-
tational cell, and N refers for the total number of grids.

Table 4 presents three different grid densities along with their
associated GCI evaluations. For the grid with 6,612,690 computational
cells, the GCI is below 3 %, satisfying the grid convergence index cri-
terion [74]. Additionally, the developed mesh is illustrated in Fig. 2.

Various time steps were analysed to ensure time step independence.
Table 5 presents the maximum battery surface temperature at 720 s for
different time steps. Based on the results, time step of 1 s was deemed
suitable for this investigation.

(24)

3.4. Validation

The numerical approaches utilised in this investigation were vali-
dated through comparison with multiple experimental studies. To verify
the lumped-capacitance model, the battery surface temperature was
assessed in comparison with experimental data from [46], as shown in
Fig. 3 (a). For the validation of the numerical method used to model
longitudinal metal foam fins in PCM, the experimental study conducted
by Hu et al. [75] was referenced, which incorporated aluminium foam
saturated with paraffin. The experimental temperature data were ana-
lysed in comparison with the numerical results obtained from both LTE
and LTNE methods, as illustrated in Fig. 3 (b). Although both models
effectively predicted the temperature of the composite PCM, the LTNE
model exhibited a slightly enhanced level of accuracy. However, due to
the comparable accuracy of both models and the reduced computational
expense of the LTE model, the LTE method was selected for imple-
mentation in the simulations of metal foam fins. To verify the integra-
tion of metal foam layers within copper tubes, the experimental study
conducted by Amani et al. [76] was replicated through simulation. This
investigation focused on the water flow through a copper tube
embedded with copper foam. The computed values for the average
Nusselt number on the tube surface and the associated pressure drop
were assessed in comparison with experimental findings, as shown in
Fig. 3 (¢) and Fig. 3 (d), respectively. As depicted in Fig. 3 (c), the LTNE
model demonstrated greater accuracy compared to the LTE model.
Consequently, the LTNE model was selected for simulating the metal
foam layers within the copper tube. The numerical simulation results
across various scenarios exhibited a strong agreement with the experi-
mental data, validating the accuracy and reliability of the numerical
models.

4. Results and discussion
4.1. Number of the cooling plate

In this section, the impact of the number of cooling plates in the
proposed HBTMS, along with the effect of incorporating metal foam

Table 4

Grid Convergence Index (GCI) analysis for various grid densities.
N h; o () Tour, max (K) er GCI (%)
4,944,155 1 1.25 313.894287 0.052741 18.30
6,612,690 0.8 1.25 313.897891 0.003603 1.25
11,642,045 0.64 - 313.845152 - -
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layers at a constant thickness of 4 mm and ambient temperature of
308.15 K, has been investigated.

The impact of the different number of cooling plates with or without
metal foam layers on batteries maximum surface temperature (Tyax,
surface) 1S depicted in Fig. 4 (a) and compared to basic pure PCM BTMS.
As shown, for the pure PCM system, the Tuax, surface tends to increase
rapidly during the 5C discharge reaching approximately 322 K at 720 s.
Three distinct stages can be observed, corresponding to the phase
change process of the PCM, during which the HBTMS experiences
temperature increases with varying slopes. These phases illustrate the
thermal storage process within the PCM, encompassing initial sensible
heat accumulation before phase transition, latent heat absorption
throughout the melting process, and subsequent sensible heat retention
following the commencement of melting. The observed temperature
increase is attributed to the low thermal conductivity of the pure PCM
which results in the accumulation of heat near the battery surfaces and
the formation of a melted PCM layer around the battery housing (as
shown in Fig. 5 (a)). This layer acts as an insulation around the batteries
due to its low thermal conductivity. To mitigate the rapid temperature
increase, the implementation of the HBTMS, which incorporates PCM
with longitudinal metal foam fins and cooling plates with copper tubes,
with or without metal foam layers, led to a significant reduction in Tyax,
surface- SO that, as depicted in Fig. 4 (a), employing the HBTMS came up
with 8.46, 9.19, and 9.68 K reduction in Tymay, surface for HBTMS with
one, two, and three cooling plates incorporating metal foam layers,
respectively. This reduction is attributed to two key mechanisms intro-
duced by the integration of metal foam. First, the longitudinal copper
foam fins embedded in the PCM enhance thermal conduction by acting
as highly conductive pathways, which accelerate heat transfer from the
battery housing to the outer PCM housing. The metal foam structure
increases the effective contact area between the solid foam matrix and
the PCM, enabling more uniform and efficient heat transfer. Second, the
metal foam layers inside the copper tubes improve forced convection by
increasing the internal surface area, disrupting the thermal boundary
layer, and promoting enhanced fluid mixing within the coolant flow.
These combined effects lead to a substantial improvement in the overall
heat transfer capability of the HBTMS. Furthermore, a comparison of
cases with varying numbers of cooling plates, with and without metal
foam layers, revealed that the inclusion of the metal foam layers resulted
in reductions of 2.76 %, 3.24 %, and 3.43 % in Tyax, Surface for HBTMS
configurations with one, two, and three cooling plates, respectively,
compared to their counterparts without the metal foam layers. More-
over, a comparison between the configuration of two cooling plates with
metal foam layers and the configuration of three cooling plates without
metal foam layers revealed Tyax, surface Values of 312.58 K and 312.41 K,
respectively, at 720 s. These results demonstrate that incorporating
metal foam layers can effectively reduce the number of cooling plates
required in the system while maintaining comparable Tyax, surface
values.

The number of cooling plates significantly affects the location and
extent of PCM melting in the HBTMS, as well as the PCM liquid fraction
(Lp), due to enhanced convection within the cooling plates. As shown in
Fig. 4 (b), incorporating additional cooling plates with metal foam layers
significantly reduced the amount of molten PCM in the HBTMS by 66.06
%, 93.91 %, and 97.51 % for configurations with one, two, and three
cooling plates, respectively, compared to the pure PCM system. Addi-
tionally, the inclusion of metal foam layers within the copper tubes led
to a reduction in the L¢, which is most pronounced in the HBTMS with a
single cooling plate. L¢ decreased by 32.36 %, 9.01 %, and 6.83 % for
HBTMS configurations with one, two, and three cooling plates, respec-
tively, compared to their counterparts without the metal foam layers.
Also, the onset of PCM melting as shown in Fig. 4 (b) is significantly
delayed by employing HBTMS with cooling plates compared to pure
PCM. For instance, for three cooling plates with metal foam layers, the
PCM begins to melt at 618 s of the discharge, whereas in the pure PCM
system, the onset of melting occurs at 113 s. PCM L contour plots at 720
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Fig. 2. Mesh configuration for the HBTMS.

Table 5

Evaluation of different time steps.
Time step Tsur, Max (K) Error (%)
0.25s 313.9788 -
05s 313.9391 0.012635
1s 313.8943 0.014271
2s 313.7315 0.051876

s are provided in Fig. 5. As can be seen, in contrast to pure PCM with
extensive melting, particularly around the battery housing, for the
HBTMS more confined and localised melting could be observed, pre-
dominantly within the metal foam fins. This effect is attributed to the
metal foam fins, which enhance the thermal conductivity of the PCM,

370
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leading to increased PCM melting within the fins’ pores. Moreover, as
additional cooling plates, particularly those with metal foam layers, are
incorporated into the HBTMS, the amount of melted PCM decreases
significantly. In the case of a single cooling plate without metal foam
layers (as shown in Fig. 5 (c)), PCM melting is not confined to the fins,
and melted PCM can also be observed around the battery and PCM
housing. However, as depicted in Fig. 5 (b), (d), and (f), with the in-
clusion of metal foam layers, the heat conducted through the battery
housing and into the PCM, fins, and PCM housing is more efficiently
transferred via force convection within the copper tubes, resulting in a
reduction in the amount of melted PCM. Similarly, by increasing the
number of cooling plates, with or without metal foam layers, less PCM
was melted, and the melting was restricted to the pores of the fins with
higher thermal conductivity. Also, as shown in Fig. 5, for different
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Fig. 3. Comparison between (a) the present numerical and experimental surface temperature measurements [46], (b) present numerical and experimental PCM filled
metal foam temperatures [75], (c) present numerical and experimental average Nusselt number [76], and (d) present numerical and experimental pressure drop [76].
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Fig. 4. Impact of the different number of cooling plates on (a) batteries maximum surface temperature and (b) PCM liquid fraction.

batteries, less PCM is melted around batteries 1 to 4, particularly bat-
teries 2 and 3, as they are most directly affected by the copper tubes
which allows for more efficient local heat extraction. As water flows
through the copper tubes toward the outlet, it absorbs increasing
amounts of heat, gradually diminishing its capacity for further heat
removal. Consequently, more PCM melts around the batteries in the last
row, particularly batteries 9 and 12 on the side, with some melted PCM
still observed even in the case with three cooling plates.

In order to determine the performance enhancement achieved by the
HBTMS, the average Nusselt number on battery surface (mgmy) based
on battery surface and PCM melting temperature [77] is illustrated in
Fig. 6. For different cases the mBm,y showed a substantial increase up
to the point where melting began, and the surface temperature sur-
passed the PCM solidus temperature. Progressively, it steadily decreased
until the discharge process was completed. Compared to pure PCM
cooling with limited natural convection cooling, a significant increase in
Nupqrer, was observed, with values increasing approximately 7, 13, and
33 times for the HBTMS configurations with one, two, and three cooling
plates, respectively. As previously discussed, this improvement is
attributed to the addition of longitudinal metal foam fins to the PCM
surrounding the batteries and the implementation of liquid cooling via
cooling plates, particularly through enhanced force convection within
the copper tubes with metal foam layers. The incorporation of fins en-
hances the thermal conductivity of the pure PCM by establishing con-
duction pathways that significantly improve heat transfer from the
battery housing to the PCM housing. As the PCM melts within the fin
pores, natural convection complements conduction, with the pores
facilitating fluid movement that enhances heat transfer through internal
mixing and circulation. Moreover, the metal foam structure increases
the surface area, further improving heat transfer efficiency. Addition-
ally, the insertion of metal foam layers significantly impacts the velocity
and temperature profiles within the copper tube, directly influencing
force convection efficiency. The dimensionless velocity and temperature
profile, based on [78], along the vertical axis at the central section of the
copper tube is compared in Fig. 7 for a 4 mm thick metal foam layer and
a clear copper tube in the case of two cooling plates. As shown in Fig. 7
(a), the metal foam layer introduces flow resistance, with a steeper ve-
locity gradient at a further distance from the copper tube wall compared
to the clear copper tube. This promotes greater mixing near the wall,
where the high thermal conductivity of the metal foam enhances heat
transfer. At the tube’s core, the fluid velocity in the clear region is
approximately 1.75 times greater than in a tube without the metal foam
layer, further improving convection at the interface of the metal foam
layer. The dimensionless temperature profile, as presented in Fig. 7 (b),
further supports this observation, illustrating that the temperature dis-
tribution becomes discontinuous upon the inclusion of the metal foam
layer. Water as the liquid phase within the metal foam exhibits a higher
temperature compared to the water temperature in the clear tube,

indicating improved heat dissipation from the copper tube facilitated by
the expanded surface area offered by the foam’s ligaments. Furthermore,
the high thermal conductivity of the metal foam and the disruption of
the thermal boundary layer by the ligaments further enhance heat
transfer efficiency.

Each battery Tuax, Surface and maximum surface temperature differ-
ence (ATwmax, surface) for the HBTMS and pure PCM is provided in Fig. 8
along with static temperature contour plots in Fig. 9. As shown in Fig. 8
(a), for pure PCM cooling, all the batteries reached a nearly same high
TMax, Surface Of approximately 322 K, with ATmax, surface maintained
around 0.65 K. Almost uniform temperature distribution along each
battery, which is also evident in Fig. 9 (a), was obtained due to
considering aluminium housing around batteries, which facilitates
radial heat conduction and promotes a relatively even temperature
distribution. Introducing HBTMS, as shown in Fig. 8 (b) reduced the
TMax, Surface OD each battery. As result of cooling plates with liquid
cooling the batteries 1, 4, 5, 8, 9, and 12 located on the sides of the pack
experienced higher Ty, surface cOmpared to batteries 2, 3, 6, 7, 10, and
11. Also as shown in Fig. 9 (b), the static temperature is lower for bat-
teries close to the liquid cooling inlet and the centre of the pack, whereas
the highest core temperatures were observed in cells positioned on the
sides and at the last row of the pack. This is attributed to the fact that the
middle cells are more effectively cooled by the liquid cooling system
with metal foam layers, as they are closer to the copper tubes. In terms of
the ATwmax, surface, in contrast to pure PCM cooling, fluctuations were
observed in HBTMS with a maximum around 0.7 K on batteries 1 and 4,
which are more affected by liquid cooling from one side. However, this
value is significantly below the expected ATmax, surface Of 5 K in the
literature [9,79]. Similar to pure PCM cooling, as shown in Fig. 9 (b),
almost uniform temperature distribution on battery surface was ach-
ieved by HBTMS with considerable reduction compared to pure PCM
cooling. Therefore, novel implementation of battery housing could
provide uniform temperature beside preventing direct contact of the
PCM with battery due to safety considerations. This uniformity is
essential for battery performance and longevity, as it mitigates thermal
stresses among cells and reduces the risk of temperature-driven degra-
dation or imbalance within the battery pack.

Energy density, which is a measure of the amount of energy stored
per unit mass of a system [80], is an important factor that requires
consideration when designing and developing HBTMS and is calculated
as follows [80]:

g, = % (26)
m

where E; refers to the energy density, U is the nominal voltage of the

battery, Cy denotes its nominal capacity, and m represents the total mass

of the HBTMS.

An ideal design achieves a balance between high cooling efficiency
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Fig. 5. PCM liquid fraction contour plots for pure PCM cooling and HBTMS with different number of cooling plates at 720 s.

and minimal mass, preserving battery pack energy density while
maintaining adequate thermal control. As shown in Fig. 10, the number
of cooling plates significantly affects the energy density of the HBTMS
due to the additional weight added to the batteries in the pack.
Comparing configurations with the same number of cooling plates, with
and without metal foam layers, reveals that the inclusion of the metal
foam layers slightly reduces the energy density.. The porous nature of
the foam adds a relatively low mass, especially when compared to the
mass of full cooling plates.. Considering the comparable performance of
the HBTMS with three cooling plates without metal foam layers and two
cooling plates with metal foam layers in terms of Tyax, surface (Fig. 4 (a)),
mBmy (Fig. 6), and amount of melted PCM (Fig. 5), the two cooling

10

plates configuration with metal foam layers was preferred, resulting in
an 11 % improvement in energy density. This improvement highlights
the ability of metal foam to compensate for the reduced surface area
resulting from fewer cooling plates, leading to a lighter and more
energy-dense design without compromising on thermal safety and
operational efficiency.

4.2. Metal foam layer thickness

In this section the impact of different metal foam layer thickness on
the performance of the HBTMS with two cooling plates at the ambient
temperature of 308.15 K has been investigated.
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(g) Three cooling plates without metal foam layers

Fig. 5. (continued).
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Fig. 6. Battery surface average Nusselt number for pure PCM cooling and
HBTMS with different number of cooling plates at 720 s.

The influence of various metal foam layer thickness on Ty, surface iS
shown in Fig. 11 (a). Compared to copper tube without any metal foam
layer, it is evident that Tyax, surface Was reduced when the copper tube
was partially filled. As the thickness increases, the foam’s inter-
connected pores offer additional surface area for heat exchange and
disrupt the developing thermal boundary layer, which improves the

11

overall active heat removal from the system. However, when the metal
foam layer thickness is 8.4 mm and the tube is completely filled, con-
vection was hindered by the increased flow resistance, making con-
duction through the foam ligaments the dominant heat transfer
mechanism. As result Tyax, surface reached 313.69 K at 720 s for thickness
of 8.4 mm. Reducing the thickness to 0, 2, 4, 5, and 6 mm resulted in
decreases in Twmax, Surface By 0.8, 0.82, 1.11, 1.25, and 1.45 K, respec-
tively. As force convection heat transfer rate is altered by metal foam
layer thickness variation, as shown in Fig. 11 (b), more PCM was melted
by fully filled copper tube peaking at L¢ = 0.19 at 720 s. As the thickness
of 0, 2, 4, 5, and 6 mm were considered, L¢ was reduced by 79.21 %,
65.44 %, 90.82 %, 89.21 %, and 94.7 %, respectively. Also, the onset of
PCM melting was affected when the tube is partially filled and delayed
by 159, 178, 262, 304, and 341 s for the thickness of 0, 2, 4, 5, and 6 mm,
respectively, compared to the fully filled tube.

Each battery’s Tmax, Surface aNd ATpax, Surface With various metal foam
layer thickness is demonstrated in Fig. 12 at 720 s. Partially filled tubes
consistently show better overall cooling performance, as indicated by a
lower Twmax, surface across the pack. The highest Tyax, surface Was observed
on batteries 9 and 12, located on the side of the last row, where the
impact of liquid cooling is minimal after absorbing heat upstream.
Lowest ATway, surface> as depicted in Fig. 12 (f), was achieved by the fully
filled copper tube maintaining values mostly between 0.3 and 0.5 K. This
is explained by the dominance of conductive heat transfer through the
fully packed foam, which lowers temperature gradients but limits the
coolant’s convection-driven heat removal. As the thickness was
increased from O to 6 mm, ATy, surface Was also increased but remained
below 1 K. Also, it was observed that increasing the thickness primarily
affected ATwmay, surface ON batteries 1 to 4 in the first row, where the best
cooling performance occurred due to their proximity to the inlet section
of the cooling plates.
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Fig. 7. (a) Dimensionless velocity and (b) temperature within the copper tube with and without metal foam layer at 720 s.
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Fig. 9. Comparison of the static temperature contour plots of pure PCM cooling and the HBTMS with three cooling plates with metal foam layers at 720 s.

As shown in Fig. 12 (a) to (f), for different metal foam layer thickness reduced convective flow caused by excessive flow resistance. In terms of
the maximum Tyax, Surface aNd ATwmay, surface Values were recorded on ATMax, surface @ slight initial reduction of 0.05 K is observed with a 2 mm
batteries 12 and 4, respectively. To provide a clearer perspective on layer. However, as the thickness increases, ATyax, surface riSes and peaks
these results, the corresponding trends are presented in Fig. 12 (g). It can at 0.830 K with a 6 mm layer which is approximately a 30 % increase
be observed that as the metal foam layer thickness increases, the Tyax, compared to the clear copper tube. Notably, the fully filled copper tube
surface generally decreases, reaching a minimum value with a 6 mm configuration (8.4 mm) results in a 25 % reduction in ATwmax, Surface
layer, which corresponds to a 0.611 K reduction compared to the clear compared to the clear copper tube, indicating improved thermal uni-
copper tube. However, further increasing the thickness to 8.4 mm (fully formity at the cost of higher overall temperature.
filled copper tube) leads to a 2.6 % increase in Tmax, Surface, due to Impact of various metal foam layer thickness on Nugqery is depicted

12
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Fig. 10. Energy density of the HBTMS with different number of cooling plates
with or without metal foam layers.

in Fig. 13. As shown, Nugauery peaked at different stages of discharge due
to the delay in the onset of PCM melting and the battery surface tem-
perature exceeding the PCM solidus temperature. When the tube was
fully filled with metal foam, the lowest m&m,y value of 42.7 was
recorded at 720 s. By considering partially filled tubes, Nugqter, was
improved by 2.18, 2.1, 3.16, 4.10 and 6.49 times compared to a fully
filled copper tube for metal foam layer thicknesses of 0, 2, 4, 5, and 6
mm, respectively. This enhancement is attributed to the effect of metal
foam layer thicknesses on the dimensionless velocity and temperature
distribution within the copper tube, as illustrated in Fig. 14. As shown in
Fig. 14 (a), the dimensionless fluid velocity within the metal foam layer
is lower than in the clear domain, and the uniform velocity distribution
observed in a fully filled or clear copper tube is significantly altered by
the partially added metal foam layer. This alteration is attributed to the
additional flow retardation and mixing caused by the microscopic in-
ertial and viscous forces generated by the solid matrix of the metal foam.
As the metal foam creates additional flow resistance near the tube wall,
lowering the local velocity within the foam region but redirecting
coolant toward the clear domain and increasing its maximum velocity.
Consequently, a more pronounced velocity gradient emerges, leading to
stronger forced convection along the interface between the foam and the
clear region. Also, partial filling reduces the significant pressure drop
associated with fully filled tubes. Similarly, as demonstrated in Fig. 14
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(b), the uniform dimensionless temperature distribution in a clear tube
and the uniform solid and liquid phase temperature distribution in a
fully filled tube are influenced by the presence of a partially added metal
foam layers. This effect arises from the metal foam’s impact on con-
duction and convection heat transfer within the copper tube. The
enhancement in conduction and convection is primarily attributed to the
metal foam layer’s ability to improve fluid mixing, the increased effec-
tive thermal conductivity of the fluid, and the formation of a thinner
hydrodynamic boundary layer, which reduces thermal resistance.
Additionally, as the thickness increases, the development of the thermal
boundary layer becomes more pronounced due to the enhanced velocity
and temperature gradients near the interface of the metal foam layer and
the walls. Thicker metal foam layers further amplify heat transfer by
intensifying velocity gradients, strengthening thermal gradients, and
enhancing the interaction between conduction and convection at the
interface. Moreover, as illustrated in Fig. 14 (b), increasing the foam
thickness enhances the development of a thermal boundary layer near
the tube wall. However, beyond a certain point, the benefits of improved
conduction are offset by reduced coolant flow, indicating diminishing
returns. Therefore, the optimal foam thickness is defined as the one that
significantly improves local mixing and heat transfer without causing
excessive flow deceleration. As observed, the solid phase temperature is
higher for different thicknesses, with the highest value recorded for the
4 mm metal foam layer thickness. This indicates improved conduction in
the vicinity of the copper tube’s wall. Also, a temperature difference was
observed at the interface between the metal foam layer and the clear
region of the tube, including between the solid and liquid phases within
the metal foam layer and the fluid temperature in the clear region. The
increased fluid velocity at the interface, resulting from greater metal
foam thickness, enhances force convection at the boundary between the
metal foam layer and the clear region. The elevated fluid temperature at
the tube’s core, particularly for metal foam thicknesses exceeding 2 mm,
serves as evidence of improved heat transfer and more effective heat
removal from the copper tube wall. However, as shown in Fig. 14 (b),
the maximum fluid temperature at the core for a 2 mm thickness is lower
than that of the clear tube, resulting in a lower m&my as observed in
Fig. 13. Also, as depicted in Fig. 14 (a), the dimensionless velocity at the
core of the copper tube increases with the thickness of the metal foam
layer up to 5 mm, reaching a maximum value of 3.68. However, further
increasing the thickness to 6 mm reduces the maximum velocity to 3.37,
which is slightly lower than the 4 mm case, where the maximum velocity
is 3.39. As the thickness of the metal foam layer increases, occupying a
significant cross-sectional area of the copper tube, and given the
assumed porosity of 0.9 and pore density of 30 PPI [40], more fluid flow
starts to penetrate into the metal foam. This results in a decline in the
maximum velocity at the core of the tube. This observation is consistent
to the results reported in the literature [81-83]. This phenomenon
significantly impacts heat transfer performance, as reflected in the Tyay,
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Fig. 11. Impact of the metal foam layer thickness on (a) batteries maximum surface temperature and (b) PCM liquid fraction.
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Fig. 12. Comparison of the Tyax, surface aNd ATwax, surface Of the HBTMS with different metal foam layer thickness at 720 s.

Surface and m&m,y, optimal thickness. The PEC value is calculated as follows [84]:

The pressure drop was observed to increase with the insertion of a
thicker metal foam layer in the copper tube. Therefore, it is crucial to
maintain a balance between the enhanced heat transfer and the
increased pressure drop, which is an unfavourable factor in thermal
management systems. The performance evaluation criteria (PEC) [84]
which analyses the impact of metal foam layers within the copper tube

on the Nusselt number and pressure drop, can be utilised to identify an

PEC — Nu/Nu,

U/ o @7
(f:/fr0) "

where Nu and f, represent the average Nusselt number for the liquid
cooling and the average friction factor, respectively, and are defined as
follows:
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Fig. 13. Batteries surface average Nusselt number for HBTMS with different
metal foam layer thickness at 720 s.

0 mm
2 mm

Smm

o=y e >

8.4 mm

Il I R i
15 2 2.

u/y

m

(@

duction. However, these gains are offset by a sharper reduction in
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Fig. 14. (a) Dimensionless velocity and (b) temperature within the copper tube with different metal foam layer thickness at 720 s.
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foam’s ligaments still promote strong local mixing and conduction
pathways without causing excessive flow deceleration which results in
reduced convective heat transfer and excessive pressure drop. Therefore,
the optimal thickness of 4 mm strikes an effective balance between
enhanced heat transfer and increased pressure drop, while the porosity
of 0.9 contributes to maintaining a high energy density for the system.

4.3. Ambient temperature

In this section, the impact of varying ambient temperatures on the
performance of the HBTMS with two cooling plates and 4 mm metal
foam insert thickness has been studied.

The impact of ambient temperature, as a critical factor in HBTMSs
with PCM, on the performance of the proposed HBTMS in terms of Tyax,
surface and L¢ during high 5C discharge rate is demonstrated in Fig. 16. As
shown in Fig. 16 (a), Tmax, Surface increased more rapidly during
discharge at low ambient temperatures. At lower ambient temperatures
of 303.15 K and 308.15 K, Tmay, Surface T0s€ by 8.67 K and 4.44 K,
respectively. In contrast, at higher ambient temperatures of 313.15 K
and 318.15 K, the variation of Tyax, surface during the discharge was
significantly lower, recorded at just 1.7 K and 1.5 K, respectively. This is
due to the fact that at ambient temperatures below the PCM solidus
temperature (311.15 K), as depicted in Fig. 16 (b), PCM was initially in

T o, surne )

306

304

| M ! 1 1
100 200 300 400 500 600 700
Time (s)

()
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its solid state, and only partial melting occurred during discharge
reaching maximum liquid fraction of 0.02 due to the enhanced liquid
cooling provided by the cooling plates. In contrast, at higher ambient
temperatures, the PCM is partially melted at the onset of discharge,
positioning it closer to its latent heat absorption range and thereby
enabling more efficient heat absorption from the batteries. This, in
conjunction with the cooling plates, allows for improved control over
temperature rise during the discharge process. This underscores the
importance of employing hybrid cooling systems with PCM, not only to
enhance conduction and convection through the application of fins
within the PCM but also to incorporate effective mechanisms, such as
cooling plates, for extracting heat fromthe PCM housing under higher
ambient temperatures. To provide a more detailed view of the PCM
melting process, liquid fraction contour plots of the PCM are presented
in Fig. 17 at 720 s. As shown, at the low ambient temperature of 303.15
K, the PCM around the batteries remained unmelted, as the temperature
was effectively controlled below the solidus temperature. When the
ambient temperature increased to 308.15 K, the PCM was observed to
melt primarily within the fins, due to enhanced conduction, with the
cooling plates having the most noticeable impact on batteries 1 to 4 in
the first row. Similarly, at an ambient temperature of 313.15 K, the PCM
was largely melted within the fins and around batteries 9 to 12. A uni-
form PCM melting pattern was observed, except for batteries 2 and 3,
which were more affected by the liquid cooling inlet. At the highest
ambient temperature of 318.15 K, the PCM surrounding the batteries
was completely melted; however, the HBTMS still effectively controlled
the temperature rise. Consequently, as shown in Fig. 16 (a), at high
ambient temperatures of 313.15 K and 318.15 K, the proposed HBTMS
maintained Twmax, surface almost constant and close to the ambient tem-
perature. Additionally, as depicted in Fig. 16 (b), the system recovered
part of the melted PCM at 318.15 K and maintained a fairly constant L¢
value of around 0.4 at 313.15 K.

FuBamW at different ambient temperatures is demonstrated in Fig. 18.
At the low ambient temperature of 303.15 K, where the PCM remains
unmelted and the battery surface temperature stays below the PCM
melting temperature, Nupaqry increased steadily during the discharge
process. When the ambient temperature increased to 308.15 K, mgm,y
reached a peak as the surface temperature approached the PCM solidus
temperature. Once the PCM begins to melt, the thermal buffering effect
of the phase change, combined with continued convective heat removal,
leads to a reduction in mBm,y, which decreases to approximately 135
by 720 s. At higher ambient temperatures, where the battery surface
temperature exceeded the PCM solidus temperature at the start of the
discharge, mBm,y exhibited a smoother trend throughout the discharge
process. For the ambient temperature of 313.15 K, by 500 s, it stabilised
around 40.8 and remained relatively steady until the end of discharge.
This behaviour is attributed to the balance between the heat conducted
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02|
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Fig. 16. Impact of the ambient temperature on (a) batteries maximum surface temperature and (b) PCM liquid fraction.
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Fig. 17. PCM liquid fraction contour plots at different ambient temperatures at the 720 s.
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Fig. 18. Batteries surface average Nusselt number for HBTMS at different
ambient temperatures at 720 s.

through the battery housing into the PCM, fins, PCM housing, and
cooling plates, and the heat removed by convection in the copper tubes
enhanced by the metal foam layers. As shown in Fig. 16 (b), this balance
is reflected in the consistently constant L¢ value during discharge. At the
highest ambient temperature of 318.15 K, a similar trend was observed,
with mgmry exhibiting a quasi-steady behaviour during the last 20 s of
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discharge, reaching a value of approximately 20.2.

Each battery’s Twmax, Surface aNd ATwmax, surface at different ambient
temperatures is presented in Fig. 19. As the ambient temperature
increased, higher Twmax, surface Values were observed with a consistent
pattern of the highest temperatures occurring on batteries 9 and 12 and
the lowest on batteries 2 and 3. ATwax, Surface also had an increasing
trend with higher ambient temperatures, with the highest ATyax, surface
value on battery 4. When comparing ambient temperatures of 303.15 K
and 308.15 K, a reduction of about 28 % in ATwax, Surface Was observed at
308.15 K, attributed to increased PCM melting in metal foam fins, which
absorbs a greater fraction of the heat generated by the battery. At higher
ambient temperatures of 313.15 and 318.15, ATax, surface ON battery 4
reached about 1 K and 1.2 K, respectively, both values are well below the
critical 5 K threshold. The maximum temperature differences among the
batteries in the pack were 1.3 K, 1.27 K, 2.1 K, and 3.43 K for ambient
temperatures of 303.15 K, 308.15 K, 313.15 K, and 318.15 K, respec-
tively, which is also below the 5 K threshold. These findings emphasise
that the integration of PCM with longitudinal metal foam fins and
cooling plates with copper tubes enhanced by metal foam layers effec-
tively controls the maximum temperature while ensuring a uniform and
acceptable temperature distribution within the battery pack even at high
ambient temperatures.

5. Conclusion

Effective thermal management systems are crucial for enhancing the
performance, safety, and lifespan of lithium-ion batteries (LIBs).
Therefore, this study numerically investigated a hybrid battery thermal
management system (HBTMS) that integrates phase change material
(PCM), copper metal foam as longitudinal fins and metal foam layers,
along with liquid cooling. Unlike previous studies that typically adopt
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conventional solid fins or address passive and active cooling separately,
this work addresses an important gap by optimising the use of metal
foam fins and layers within the HBTMS. The system achieves substantial
enhancements in thermal performance and energy density due to the
unique structure of metal foam, characterised by its interconnected
pores, which facilitate heat conduction in the PCM and enhance
convective heat transfer in the liquid cooling system. The effects of
critical parameters, including the number of cooling plates with or
without metal foam layer, the thickness of the metal foam layer within
the copper tube, and the ambient temperature, were thoroughly ana-
lysed to evaluate their influence on the thermal and design performance
of the HBTMS. The conclusions drawn from the study are as follows:

1. Enhanced thermal management:

e By incorporating the HBTMS with cooling plates and copper metal
foam the maximum battery surface temperature was reduced by up
to 9.68 K, compared to pure PCM cooling.

e At high ambient temperatures, the system delayed PCM melting and
limited the maximum surface temperature rise, enhancing perfor-
mance consistency.

2. Optimised metal foam integration:

e Metal foam layer with 4 mm thickness in the copper tube was
identified as optimal, providing the best balance between improved
heat transfer and minimal pressure drop, with performance evalua-
tion criteria (PEC) of 1.41, indicating enhanced thermal performance
relative to pressure drop compared to clear copper tube.

Fully filling the copper tubes hindered convection and reduced
overall performance, emphasising the advantages of partially filled
designs.
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e The inclusion of metal foam layers in the cooling tubes reduced the
PCM liquid fraction by up to 97.51 % in HBTMS with three cooling
plates.

3. Improved energy density:

e The optimised HBTMS design achieved a similar thermal perfor-
mance with fewer cooling plates, demonstrating an 11 % improve-
ment in energy density.

4. Uniform temperature distribution:

e Across all scenarios, the temperature gradient within the battery
pack and each individual cell remained well below the critical
threshold of 5 K, ensuring uniformity.
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