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ARTICLE INFO ABSTRACT
Keywords: In the present numerical investigation, a hybrid battery thermal management system (HBTMS) has been studied
Hybrid battery thermal management system which combines phase change material (PCM), copper foam as porous fins and porous layers, and liquid cooling.

Phase change material
Copper foam

Liquid cooling

Energy density
Lithium-ion battery

The system includes twelve 18,650 Lithium-ion batteries encased in aluminium housing, with copper foam used
as longitudinal porous fins within the PCM and as porous layer inside copper tubes within the cooling plates. The
enthalpy-porosity model was employed for PCM simulation, and the Darcy-Brinkman-Forchheimer (DBF) model
was used for copper foam. Local thermal equilibrium (LTE) and non-equilibrium (LTNE) models were utilized to
simulate the porous fins and layers, respectively. Transient heat generation was considered based on a lumped-
capacitance thermal model. This study addresses a key research gap by optimising the properties of porous fins
and layers to enhance both passive and active cooling mechanisms, to effectively improve both thermal per-
formance and energy density. The obtained results indicated the superior performance of porous fins compared
to solid fins. The proposed HBTMS significantly reduces the maximum battery surface temperature by up to 9.18
K at a 5C discharge rate compared to pure PCM battery thermal management system (BTMS), while maintaining
maximum temperature difference within the battery pack below 1 K, even at high 5C discharge rate. While
porous fins with lower porosity improves conduction in the PCM, porous layers with higher porosity enhances
convection within the copper tubes. Also, the utilization of porous fins, compared to solid fins, improves the
energy density of the system by approximately 25 %.

thermal runaway [4-6]. LIBs operate best at temperatures between
15°Cand 35°C [7], or 20 °C and 40 °C [8,9], or 20 °Cand 50 °C [10,11].
The maximum temperature difference (ATpyax) among modules should
also be smaller than 5 °C in order to provide a consistent temperature
distribution [9,12-14]. Under typical operating circumstances, 60 °C
has been reported to be the maximum safety limit [10]. Therefore,
considering an effective battery thermal management system (BTMS) is
crucial in EVs and HEVs.

Porous media and metal foams significantly enhance heat transfer,
making them highly efficient for thermal management. The increased
surface area offered by porous media facilitates more effective heat
dissipation. The interconnected structure allows fluid flow, disrupting
the thermal boundary layer and increasing the temperature gradient,
thus boosting convective heat transfer. Using porous media also en-
hances heat transfer efficiency by leveraging high thermal conductivity
[15-19]. Additionally, porous media provides uniform temperature
distribution, and reducing hotspots which is crucial for BTMSs [20,21].

1. Introduction

The growing concerns regarding carbon emissions resulting from the
utilization of fossil fuels has compelled the implementation of environ-
mental measures, particularly in the transportation sector, which plays a
substantial role in the carbon footprint. Electric vehicles (EVs) and
hybrid electric vehicles (HEVs) have become feasible options in this
situation for tackling pollution and emissions by utilizing battery power.
Nevertheless, the extensive implementation of EVs presents challenges,
particularly in the areas of battery efficiency and thermal control. The
performance of lithium-ion batteries (LIBs) as an appropriate option for
EVs and HEVs, is significantly influenced by temperature. Low tem-
peratures have a negative impact on the performance of batteries,
leading to a decrease in their charge acceptance, store energy and
power, and overall lifespan [1-3]. Elevated temperatures, conversely,
diminish capacity, shorten lifespan, and cause safety hazards such as
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Nomenclature

An Mushy zone constant (kg- m 351

C Inertial factor

Co Nominal capacity

Cr Geometric function

Cp Specific heat capacity (J-kg~1-K™1)

D Copper tube diameter (m)

E Open circuit voltage (V)

Eq Energy density (Wh-kg™!)

F Faraday’s constant (C-mol™)

F Source term

F; Safety factor

fr Friction factor

I Electric current (A)

K Permeability of the porous medium (m3
Ly Battery height (m)

L¢ Liquid fraction

N Total number of grids

Nu Average Nusselt number

P Pressure (Pa)

P Rate of convergence

Q Heat generation rate (W)

Re Reynolds number

Re Total internal resistance (£2)

? Source term

St Source term

T Temperature (K)

U Nominal voltage

A% Voltage (V)

v Velocity vector (m-s™)

Vi Battery volume (m3)

V; Volume of each grid cell (m3)

agf Specific surface area mH

de Ligament diameter (m)

dp Pore size (m)

f Solution value

g Gravitational acceleration (m-s~2)

h Sensible enthalpy (J-kg™)

h¢ Latent heat of fusion (J ~kg*1)

hgr Solid-fluid heat transfer coefficient (W-m~2-K™1)
k Thermal conductivity W-m 1K™
Kia Thermal dispersion coefficient W-m LK™
n Number of electrons

b Heat generation per unit volume (W-m™3)
Qbs Heat flux on battery surface (W-m~2)
Qint Heat flux at the interface (W-m~2)

r Grid refinement ratio

t Time (s)

AP Pressure drop (Pa)

AS Change in entropy (J-K1)
AT Temperature difference (K)
& Entropy coefficient (V-K™1)

Greek letters

w Pore density (PPI)

§ Thermal expansion coefficient (K1)
€ Porosity

e Relative error

il Dynamic viscosity (Pa-s)

p Density (kg-m~>)

0 Dimensionless temperature
Subscripts

Max Maximum

m mean value

amb Ambient

b Battery

eff Effective

f Fluid phase

gen Generated

irr Irreversible

m Melting

ref Reference

rev Reversible

s Solid phase

t Total

Acronyms

BTMS Battery Thermal Management System
EV Electric Vehicle

GCI Grid Convergence Index

HBTMS Hybrid Battery Thermal Management System

HEV Hybrid Electric Vehicle

HPPC Hybrid Pulse Power Characterization
LIB Lithium-ion Battery

LTE Local Thermal Equilibrium

LTNE Local Thermal Non-Equilibrium
NMC Lithium Nickel Manganese Cobalt Oxide
PCM Phase Change Material

PEC Performance evaluation criteria

PPI Pores per inch

Sur Surface

UDF User Defined Function

re.v Representative Elementary Volume

Integrating porous media and foams into hybrid battery thermal
management systems (HBTMS) has shown promising results in
improving the effectiveness of thermal management of batteries.
Numerous investigations have shown that these hybrid systems are
efficient at decreasing battery temperatures, enhancing temperature
uniformity, and reducing power utilization. Yang et al. [22] numerically
and experimentally investigated a hybrid cold plate configuration
including water, RT35 paraffin wax, and aluminium foam for prismatic
LIBs. The cooling method, which included periodically cycling the
coolant at an increased flow rate and relying on latent heat of the phase
change material (PCM), effectively decreased power usage by 90 %
while ensuring battery temperatures remained below acceptable limits.
Khaboshan et al. [23] conducted a numerical investigation on a HBTMS
based on N-eicosane (PCM) within aluminium foam, and copper fins for

18,650 LIBs. Their research revealed that the battery surface tempera-
ture could be reduced by 3 K. The incorporation of fins served as a
conduction network in the system, hence improving its overall thermal
efficiency. Zhao et al. [24] performed an investigation on a hybrid
system for 18,650 LIBs including water, paraffin, and copper foam. The
obtained experimental and numerical results indicated that increased
Reynold numbers (Re) came up with temperature non-uniformity, while
the maximum battery temperature decreased. Liu et al. [25] conducted a
numerical analysis on a HBTMS with 18,650 LIBs considering water,
several kinds of PCMs (PCM28HC, PCM35HC, PCM44HC) and copper
foam as composite PCM (CPCM). A reduction by almost 30 K was re-
ported in battery surface temperature compared to natural convection.
Also, flow velocity was emphasized as a notable parameter for lowering
battery temperatures. Kiani et al. [26,27] performed experimental and
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Fig. 1. The diagram of the proposed HBTMS (a) illustration

numerical investigation on HBTMS based Al;03-HO nanofluid, and
paraffin wax within copper foam. Their study showcased that utilizing
HBTMS in conjunction with a magnetic field resulted in a reduction of
22.5 % in the maximum temperature and a reduction of 79.3 % in the
temperature difference, compared to systems using pure paraffin. Zhang
et al. [28] experimentally investigated a HBTMS for prismatic LiFePO4
batteries that integrated heat pipes, and paraffin within copper foam.
The studied HBTMS effectively limited the highest temperature differ-
ence below 5 °C within the system, for high discharge rate of 5C. Also, a
considerable reduction in temperature variations inside a single cell was
reported, as compared to the baseline PCM-based BTMS. Li et al. [29]
employed a combination of air, water, and paraffin within copper foam
in their experimental and numerical investigation of HBTMS for 18,650
LIBs. They demonstrated that considering double-sided liquid cooling
result in more effective temperature regulation, achieving the lowest
battery temperature within the acceptable range when compared to
single-sided and natural convection cooling. Rabiei et al. [30] performed
a numerical investigation on cooling prismatic LiFePOy4 batteries using
water and aluminium foam. The obtained results revealed that

PCM filled longitudinal porous fins (copper foam)
Aluminum housing

—+ Aluminum cooling plates
Partially filled copper tube with porous layer (copper foam)

(@

/

\

(b)

of the different parts, and (b) dimensional details of the system.

introduction of a wavy microchannel led to a substantial decrease of 50
% to 73 % in pumping power. In addition, considering the cooling
channel entirely filled with metal foam increased the temperature dif-
ference, while effectively reduced the maximum temperature. Ki et al.
[31] experimentally and numerically investigated a HBTMS for pouch-
type LIBs by using water and aluminium foam layer. Maximum tem-
perature of 43.3 °C and a temperature variation of less than 2 °C was
achieved using a coolant flow rate of 3 L/min. The inclusion of a porous
metal layer in the system improved heat transfer performance by
increasing heat exchange surface area and reducing thermal resistance.
Moaveni et al. [32] performed numerical simulations on a HBTMS
incorporating nano-enhanced phase change materials (nano-PCM), fins,
and metal foam to improve thermal performance of 18,650 LIBs. Their
findings indicated significant reductions in peak battery temperatures,
with the addition of nanoparticles and fins. Moreover, the obtained re-
sults revealed superior thermal regulation by the integration of copper
foam with 0.9 porosity.

While numerous investigations have been conducted on the appli-
cation of fins in BTMSs, particularly with PCM to enhance thermal
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Table 1

Specification and thermophysical properties of the battery [43].
Parameter Value
Nominal voltage (V) 3.7
Nominal capacity (Ah) 2.6
Cell mass (kg) 0.0475
Thermal conductivity in the radial direction (W-m~*-K™*) 0.2
Thermal conductivity in the axial direction (W-m LK™ 37.6
Specific heat capacity (J-kg™*-K™1) 1200.0

Table 2

Thermophysical properties of the materials [34,44].
Materials Properties Value
Paraffin Thermal conductivity (W-m~1.K™1) 0.2
Paraffin Specific heat capacity (J-kg~1-K™1) 2000
Paraffin Density (kg-m~3), solid 880
Paraffin Density (kg-m~3), liquid 760
Paraffin Solidus temperature (K) 311.15
Paraffin Liquidus temperature (K) 316.15
Paraffin Latent heat (J-kg™ %) 174,000
Paraffin Dynamic viscosity (Kg-m '-s™") 0.02
Paraffin Thermal expansion coefficient KH 0.0001
Al alloy Thermal conductivity (W-m~1.K™1) 167
Al alloy Specific heat capacity (J-kg K1) 896
Al alloy Density (kg-m~>) 2700
Copper Thermal conductivity (W-m~1.K™1) 387.6
Copper Specific heat capacity (J-kg K1) 386
Copper Density (kg-m~%) 8900
Water Thermal conductivity (W~m’1-K’1) 0.6
Water Specific heat capacity (J-kg 1K™ 1) 4182
Water Density (kg-m~>), solid 998.2
Water Dynamic viscosity (Kg-m '-s™1) 0.001003

conductivity [33-38], these studies primarily focus on conventional fin
structures and their effects on heat transfer. The literature reveals a
critical gap in exploring advanced fin designs, such as porous fins, and
their integration with PCM in HBTMSs. The integration of porous fins
offers unique advantages, including improved thermal performance,
reduced system weight, and enhanced energy density compared to
conventional solid fin, yet these benefits remain underexplored. Addi-
tionally, different investigations have been done on enhancement of
liquid cooling in BTMSs using metal foam [30,31,39,40], but they have
not fully optimised the potential of porous layers for liquid cooling in
HBTMSs. Therefore, this study directly addresses these gaps by focusing
on the optimisation of porous fin and layer properties such as porosity
and pore density to achieve enhanced heat transfer and energy density
in HBTMSs. The proposed HBTMS, illustrated in Fig. 1, represents a
novel combination of passive cooling via porous fins with PCM and
active cooling through liquid cooling with porous layer. By focusing on
these underexplored aspects, this investigation aims to provide new
insights into the effective utilization of porous media in HBTMSs, of-
fering a comprehensive solution for enhancing both passive and active
cooling mechanisms, while also improving the system’s energy density.

2. Problem statement and description of the proposed HBTMS

The proposed HBTMS combines liquid cooling, PCM, and copper
foam as porous fins and porous layers. As shown in Fig. 1, the battery
pack consists of twelve Lithium-ion 18,650 batteries. Copper foam was
used as longitudinal porous fins around the batteries in the PCM housing
and as a porous layer within the copper tubes. Fig. 1(a) shows the
different parts of the system. Each battery was placed in an aluminium
housing to prevent direct contact with the PCM and ensure uniform heat
transfer. Paraffin was used as the PCM and was filled into the PCM
housing. To enhance the thermal conductivity of the PCM, longitudinal
porous fins made of copper foam were added and the PCM was also
considered within the pores of the porous fins. To control the phase
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change process of the paraffin, aluminium cooling plates with copper
tubes passing through them were included, allowing water to serve as
the liquid coolant in the system. Porous layers within the copper tubes
enhance convection heat transfer, further improving the cooling effi-
ciency. Fig. 1(b) provides detailed dimensions of the system, with di-
mensions selected based on common practice within the literature,
manufacturing size limitations for copper foam, and manufacturing
standards for copper tubes.

The selection of materials and design configurations in the HBTMS
was driven by the need to balance thermal performance with system
weight. Aluminium and copper foam were chosen for their excellent
thermal properties and low density, contributing to an overall reduction
in system weight and improved energy density. In the present investi-
gation, a commercially available 18,650 lithium-ion battery (LiNiy.
CoyMn,03) or NCM has been considered due to its higher energy density.
Also, NMC batteries are common in electric vehicles [41,42]. The
specifications and thermophysical properties of the NMC 18650 LIB are
shown in Table 1. To simplify the simulation model without compro-
mising accuracy, the battery was considered as a homogenous cylinder.
This approach was chosen since the detailed structure of a cylindrical
battery has limited impact on its thermal performance [43]. The axial
and radial thermal conductivities of the cylindrical lithium-ion battery
change owing to differences in material compositions in various di-
rections. Table 2 provides the thermophysical properties of the materials
used in the study. The materials include aluminium alloy for the hous-
ings and cooling plates, copper foam as the porous fins and porous
layers, and paraffin as PCM.

3. Numerical modelling

In order to investigate the influence of different parameters on the
performance of the suggested HBTMS, 3D simulations were carried out
using commercial CFD ANSYS FLUENT 23/R2 software. The HBTMS
consists of 12 Lithium-ion 18,650 batteries, an aluminium housing,
porous longitudinal fins, paraffin, an aluminium PCM housing, and
aluminium cooling plates with copper tubes improved by porous layers.

3.1. 18,650 LIB transient heat generation

For realistic application scenarios, transient battery heat generation
was considered. The lumped-capacitance model was used to simulate
the actual transient heat generation of the lithium-ion battery, incor-
porating both resistive and entropic heat generation. To determine the
suitability of the lumped-capacitance thermal model, the Biot number
(Bi = %) needs to be calculated. In this calculation, h is the convective

heat transfer coefficient, L, is the characteristic length derived from the
ratio of the battery’s volume to its surface area, and k; is the thermal
conductivity of the battery. The lumped-capacitance thermal model is
applicable when the Biot number is low, typically less than 0.1 [45]. In
this model, the battery is assumed to have constant thermo-physical
properties throughout, with heat generation dependent on voltage and
current characteristics [46]. The total heat generation of lithium-ion
batteries is mathematically described by the Bernardi equation [43]:

Qt = Qir + Qrev (@)

Qi =I(E-V)=IR, (2)
I dE

Qrev = —TAS (E) = - I|:T(E« :| 3)

where the total heat generation in the battery Q; is identified along with
irreversible heat Qy, reversible heat Q.,, open circuit voltage E, ter-
minal voltage V, electric current I, temperature T, total internal resis-
tance R., change in entropy AS, number of electrons n, Faraday’s

constant F, and the entropy coefficient %. Hybrid Pulse Power
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Characterization (HPPC) test [47] is commonly used to develop func-
tions for the total internal resistance and the entropy coefficient. The
experimental data provided by [43,48,49] has been used with the above
equations to model transient heat generation for discharge rates of 1C,
3C, and 5C. The discharge rate, or C-rate, is defined as the discharge
current divided by the battery’s nominal capacity [50]. Therefore,
discharge time for discharge rates of 1C, 3C, and 5C is 3600, 1200, and
720 s, respectively. Transient heat generation equations have been
added as User Defined Function (UDF). The heat generation per unit of
the battery volume (V}) is defined as follows:

_Q

A 4

b

3.2. Governing equations

The enthalpy-porosity model was employed to simulate PCM, where
the mushy zone (where solid and liquid phases coexist) is treated as a
porous medium. This model integrates latent heat effects into the energy
equation, avoiding explicit tracking of the phase interface [51,52].
During the melting/solidification process, a pure phase change material
(PCM) without copper foam comprises three distinct zones: the solid
zone, the liquid zone, and the mushy zone. In the mushy zone, the pure
PCM is modelled as a porous material where unmelted PCM forms the
solid matrix, and melted PCM fills the pores as the liquid component.
Conversely, when simulating a composite PCM embedded with copper
foam, the liquid zone is also treated as a porous medium but with a
porosity distinct from that of the mushy zone [53].

To model copper foam as porous media, the Darcy-Brinkman-
Forchheimer (DBF) model has been utilized. Local thermal equilib-
rium (LTE) model was applied to the porous fins, while local thermal
non-equilibrium (LTNE) model was used for the porous layer within the
copper tube.

To simplify the present numerical simulations the following as-
sumptions were made:

The laminar flow of molten PCM is unsteady and incompressible.
PCM phases are isotropic and homogeneous.

The liquid PCM and water are Newtonian fluid.

The Boussinesq approximation has been used to account for buoy-
ancy forces in natural convection.

Changes in volume during the PCM melting process and effects of
viscous dissipation and radiation are negligible.

The influence of thermal resistance between the zones’ surfaces has
been ignored.

The copper foam structure is assumed to be homogeneous and
isotropic.

Thermal equilibrium is considered between PCM and porous fins.
Thermal non equilibrium is considered between water and porous
layers.

Considering the mentioned assumptions the governing equations for
PCM and porous fins are as follows [54]:

Continuity:
6pf -
STV = )
Momentum:
Pr 1A% Pr (= — Ky P ) N
L+ T (VI)V = —VP+L(V2V) = py (T~ Toy) T~ S — F
(6)

where p is the density, ¢ is the porosity, V is the velocity vector, P is the
pressure, y is the dynamic viscosity, f is the thermal expansion coeffi-
cient, T is temperature, and g is the gravitational acceleration.
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The source terms in the momentum equation account for the pres-
sure loss caused by the melting process and are defined by Darcy’s law of
damping as follows [54]:

— (1 - Lf)2 —

S =Aw—s— 2V 7
"L +0.001 @

where A, is the mushy zone constant that has been considered to be 10°
[44] and Ly is the liquid fraction.

In the governing equations for the PCM-only case or the regions that
are not occupied by porous fins, the porosity is equal to 1, and the
momentum equation lacks the source terms due to the absence of porous
media. Additionally, L¢ is defined as follows [55]:

0ifT < T;
AH T— TSolidus
Li=—={ — T, <T<T, 8
f Lf TLiquidm - TSulidm : ! ( )
ll'fT >T

where AH is latent heat.
The total enthalpy is calculated as follows:

H=h+AH ©)

where h is the sensible enthalpy and defined as:

T
h = by + / G, dT (10)
Toy

where h, is sensible enthalpy at reference temperature and C, is the
specific heat.

The last term on the right-hand side of the momentum equation,
which is caused by the porous medium, is defined as:

C|V

= _ M prH

F=(+ V 11
(K \/—) amn

where ‘7’ is the magnitude of the velocity vector. In the above equa-

tions, the first term represents the viscous loss, and the second term
represents the inertial loss. In these equations, K and C are permeability
and inertial factor, respectively, and are given as [56]:

K = 0.00073(1 — &) ***d, ""'d,*"! 12)
-1.63
C=0.0012(1 — &) *'* (j—f> a3
P

where dy and d, are ligament diameter, pore size, respectively. They are
defined as follows [57,58]:

1-¢

dy = 1.18d,\ |~

14)

d, = 0.0224/w (15)

where  is the pore density as pores per inch (PPI).

Energy:

By considering LTE model, in which the PCM and porous fins are
assumed to have the same temperature, the energy equation is given as
[54]:
0ep;C,, T -

— L= (pyCy V.T) = V(key VT) =S, 16)
where k. is the effective thermal conductivity and defined as follows
[59]:

ke = (1 — e)ks + ks @a7)
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Table 3
GCI analysis for different studied grids.
Grid number (N) h; r (f) Tour, max (K) & 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 - -
Y
z

Fig. 2. Generated mesh for the HBTMS.

Table 4
Different time steps for time step independency study.

Time step Tour, max (K) Error (%)
0.25 313.9788 -

0.5 313.9391 0.012635
1 313.8943 0.014271
2 313.7315 0.051876

370
1 C (Experimental)
360 r : 1 C (Numerical)
I » A 3 C (Experimental)
30k » — — — - 3C (Numerical)
>/ > 5 C (Experimental)
I :/ ——————— 5 C (Numerical)
/

Battery surface temeprature (K)

T | - 1. | INEETE B

| |

0 500 1000 1500 2000 2500 3000 3500

Time (s)

a)
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where k is the thermal conductivity.
The last source term in the energy equation is defined as follows
[60]:

08prfhf -
S1 =224+ (o, V. Tahy) a8)
where Ay is the latent heat of fusion.
The governing equations for liquid cooling with porous layer by
considering LTNE model, are as follows [61,62]:
Continuity:

%+ VoV =0 (19)

Momentum:
Clear region:

340
LTE model (Numerical)
335 — — — — LTNE model (Numerical) [
L Hu et al. (Experimental) - -
330
325

w
N
o

Temperature (K)
«X
(8]

UNULELE LBUNRN BN BRI RSN B RN RN R

310

305

300

295

290(;1 — l5(I)O1 — 10100l J 115100l 120100l L 12500
Time (s)

Fig. 4. Comparison of the present numerical results with experimental inves-
tigation of Hu et al. [74].

500000 |-
400000 |-
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200000 |- /
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Fig. 3. Comparison of battery performance (a) present numerical and experimental surface temperatures and (b) volumetric heat generation at various

discharge rates.
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700

DBF model (Numerical)
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500 |-
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Fig. 5. Comparison of the current numerical results with the experimental investigation by Amani et al. [75] for (a) average Nusselt number and (b) pressure drop.

png.(??) - —vp+yf(v2V) (20)

Porous region:

- v
P (V9) - e (V) HL e [T e

where Cr and K are the permeability of the porous media and the geo-
metric function, respectively and can be expressed as [63]:

e3d?
= 71’2 (22)
150(1 —¢)
1.75
Cr— 23
f /150632 @3
Energy:
Clear region:
d(pC, T, -
(‘)T‘t’f) +V-(0G, VTy) = V-(kyVT)) (24)
Porous region:
Solid phase:
a(p,CpTs)
=R~ 9 (ke VTL) — hyag (T, — ) (25)
Fluid phase:
6(prpr) prPVTf
o + V- . =V (kfeﬁ‘va) + hsfaxf(Tx — Tf) (26)
where ks, and ks are effective thermal conductivity for solid and

porous phase of the porous media, respectively, and defined as follows
[64-66]:

ki, = (1—&)""%k, @7

o
kfeff = E‘kf + ktd (28)

where k4 is the thermal dispersion coefficient which is calculated as

follows:

ka = 0.025p,C, VK| V| @9

hy and ay appearing in the energy equation are fluid-to-solid heat
transfer coefficient and specific surface area [67,68]:

o\ 2 o 1/3 pf“—/‘dp 0.6
hy = (—f> 1411 2Y R I (30)
dp ke My

as = 6(1dp_ 9 (3D
Battery cell:

pbcp,,%f = (ks V'T) + Qgen 32)
Cooling plates:

by 0 = V(K VT) (33)

3.3. Initial and boundary conditions

The initial condition for the simulation of the HBTMS was set as
follows:

T(X7y7 Z) = Tdmb;t =0 (34)

where T, is the ambient temperature, which was assumed to be
308.15 K for simulations.

The adiabatic boundary condition has been considered at the bottom
surface of the HBTMS. Mass flow inlet boundary condition, with con-
stant value of 0.001 kg/s, has been assumed at the water inlet, with a
temperature of 303.15 K, into the copper tubes with porous layers.
Additionally, based on the dimensions provided in Fig. 1(b) and the
thermophysical properties of the materials listed in Table 2, the Rey-
nolds number in the clear region of the copper tube was calculated to be
151.2, which is well below the critical threshold of 2000. Similarly, the
permeability Reynolds number [69] for the porous layer was determined
to be 0.123, which is significantly below the threshold value of 100 [15]
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Fig. 6. Maximum battery surface temperature for different BTMS under various battery discharge rates.
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for turbulent flow in porous media. Therefore, the assumption of

— —
laminar flow has been consistently applied to all simulations. At the A4 _ v
el ﬂf = I’te_ff
outlet, pressure outlet boundary condition has been set at the atmo- on i on orous
spheric pressure. No slip boundary condition was adopted at the walls.
On the other surfaces of the HBTMS natural boundary condition has Tpuia = Tporouss
been assumed as follows:
oT| oT

aT, ke— = kop—

- kwall a‘;’lall: h(Twall - Tamb) (35) fan fluid K on | porous

where h is the convection heat transfer coefficient and was considered to
be 10 W-m 2K ! [50] for air natural convection.

LTNE model [70]:

— —

At the interface between solid and liquid phase of the porous media v fud v porous (37
the following boundary conditions were considered for LTE and LTNE
models. v FYi

LTE model [19]: Hron| = P on

| fluid | porous
— —
= (36)
fluid porous X oT K oT
— f& d = - seﬁa? porous - qinterface
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Fig. 7. PCM liquid fraction for different BTMS under various battery discharge rates.
K oT oT Index (GCI) [71,72]. The GCI for the computational grid is defined as
R = TRfe = (interface .
0| g 70N porous follows:
The governing equations were solved numerically incorporating GCI = Fsﬁ|8r| : (38)

mentioned initial and boundary conditions. The SIMPLE scheme was
employed for pressure-velocity coupling. To discretize the equations,
the second-order upwind scheme was applied. The representative
elementary volume (r.e.v.) method was used to model the porous media.
The enthalpy-porosity model was applied to simulate the PCM phase
change. The convergence criteria for the residuals were set at 10 for the
continuity and momentum equations, and 107 for the energy equation.

3.4. Validation, mesh independence, and time-step independence studies

The grid independence was assessed using the Grid Convergence

where F; is a safety factor, the value is 1.25 for three grids comparisons.
p is the rate of convergence, the theoretical value is 1.97 for a second-
order method. The relative error &, is defined as:

w1 —fi

& = 7 39

where fi,; and f; are the solution values on the fine and coarse grids,
respectively. In this context, these values represent the maximum tem-
perature of the battery surface at the end of 5C discharge. The grid
refinement ratio r; is defined as:
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hi
Tiiv1 = i (40)
N
hi = {'/% (41)

where h; represents the average grid spacing, V; denotes the volume of
each grid cell, and N stands for the total number of grids.

Three types of grid densities and their corresponding GCI calcula-
tions are presented in Table 3. The GCI for 6,612,690 grid cells is below
3 % which meets the grid convergence index criterion [73]. Also, the
generated mesh for the HBTMS is shown in Fig. 2.

Different time steps were studied to check time step independencies.
Table 4 provides the maximum temperature of the battery surface at the
end of 5C discharge for different time steps. As shown, a time step of 1 s
was found to be appropriate for the current investigation.

The numerical methods employed in this study were validated
against various experimental investigations. To validate the Bernardi
model used for transient battery heat generation, the battery surface
temperatures were compared with experimental data from [43,48,49].
The comparisons are presented in Fig. 3(a). Also, the transient volu-
metric heat generation rate of the battery at various discharge rates is
illustrated in Fig. 3(b). To model porous media, the commonly used
methods of local thermal equilibrium (LTE) and local thermal non-
equilibrium (LTNE) were both validated. For the application of longi-
tudinal porous fins in phase change materials (PCM), the experimental
study by Hu et al. [74] was considered, which involved aluminium foam
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filled with paraffin. The experimental temperature data were compared
with the numerical results obtained using both LTE and LTNE methods,
as shown in Fig. 4. Both models accurately predicted the temperature of
the composite PCM; however, the LTNE model demonstrated even
higher accuracy. Despite this, due to the similar results from both
models and the reduced computational time required by the LTE model,
the LTE method was ultimately chosen for the simulations of porous fins.

To validate the insertion of porous layers into copper tubes, the
experimental study by Amani et al. [75] was simulated. This investi-
gation involved water flow through a copper tube filled with copper
foam. The numerical results for the average Nusselt number on the tube
surface and the pressure drop were compared with the experimental
data, as shown in Fig. 5. When considering both the LTE and LTNE
models, the LTNE model proved to be more accurate. Therefore, the
LTNE model was chosen for the simulation of porous layer in the copper
tube. The simulation results for various scenarios closely align with the
experimental data, affirming the precision and reliability of the findings.

4. Results and discussion

In this section, the proposed HBTMS has been compared in detail
with PCM based BTMSs in terms of different design and performance
criteria. Also, the impact of porous fins and porous layers’ porosity and
pore density have been investigated.
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Fig. 9. Average Nusselt number on batteries surface for different BTMS under various battery discharge rates.

4.1. Comparison of the proposed HBTMS with PCM based BTMSs

The effectiveness of the proposed HBTMS, PCM with porous fins and
liquid cooling with porous layers, was investigated under different
discharge rates. The performance of the HBTMS was compared with
various BTMS configurations, including pure PCM, PCM with solid fins,
PCM with porous fins, and PCM with porous fins combined with liquid
cooling. Transient heat generation of 18,650 lithium-ion batteries was
analysed at discharge rates of 1C, 3C, and 5C. The porosity and pore
density of the porous layers and porous fins were set at constant values
of 0.9 and 30 PPI, respectively.

To highlight the novelty of the HBTMS, the application of novel
porous fins is first compared with pure PCM and PCM with solid fins (In
Figs. 6-12). Subsequently, liquid cooling, both without and with a
porous layer within the copper tube, is compared with pure PCM BTMS

(In Figs. 6-12).

As depicted in Fig. 6, the maximum battery surface temperature
(Tmax, sur) for the pure PCM BTMS increases rapidly at the highest
discharge rate, progressing through three distinct phases: before
reaching the PCM solidus temperature (311.15 K), between the solidus
and liquidus temperatures (316.15 K), and beyond. These stages corre-
spond to different heat storage phases within the PCM: sensible heat
storage prior to the phase change, latent heat storage during the phase
transition, and continued sensible heat storage after the PCM has
completely melted. A similar temperature increase was observed at
lower discharge rates, though only two phases of temperature rise were
noted, as temperatures did not reach the PCM’s liquidus point. This
phenomenon is attributed to the low thermal conductivity of pure PCM.
As can be seen in Fig. 7, for different discharge rates, more PCM melts in
pure PCM BTMS compared to other configurations, with melting

11
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end of 5C discharge rate.

commencing nearly at the start of the discharge. Furthermore, contour
plots of the PCM liquid fraction in Fig. 8(a) reveal that at the end of the
5C discharge, the heat generated by the battery was primarily dissipated
within the pure PCM through conduction and its sensible heat capacity.
Due to the low thermal conductivity of pure PCM, most of the heat was
utilized in melting the PCM near the battery housing surface, forming a
thin layer of molten PCM around the housing. Due to the poor thermal
conductivity of this melted layer, it acts as insulation, hindering efficient
heat dissipation. These observations underscore the need for the
development of HBTMS, which integrates PCM, as pure PCM alone may
not sufficiently maintain battery temperatures within safe limits during
prolonged usage or at higher discharge rates.

As the primary criterion for evaluating the proposed HBTMS, Tiax,
sur and PCM liquid fraction were considered. As shown in Fig. 6, adding
fins, whether conventional longitudinal solid fins or innovative porous
fins, significantly impacts Tmax, sur at different discharge rates. Consid-
ering pure PCM BTMS as a baseline, the maximum surface temperature
reaches 321.77 K, 316.08 K, and 311.57 K at the end of discharge rates of
5C, 3G, and 1G, respectively. By adding solid fins to the PCM, the Ty,
sur is reduced by 6.6 K, 2.94 K, and 1.27 K for discharge rates of 5C, 3C,
and 1C, respectively. Further reduction was observed with PCM incor-
porating porous fins, resulting in a drop of 7.52 K, 3.33 K, and 1.34 K for
discharge rates of 5C, 3C, and 1C, respectively. The generated heat by
the battery is transferred via conduction through the aluminium battery
housing to the PCM and further conducted within the PCM to the
housing in the HBTMS. The enhancement is attributed to the addition of
fins, which improves heat conduction by forming conduction paths
within the PCM. In addition, the presence of fins significantly influences
the extent and area of PCM melting. As shown in Fig. 7, the volume
average PCM liquid fraction (Lg) value is markedly affected by fins, with
both types of fins causing a similar delay in the onset of PCM melting. At
the end of the 5C discharge rate, L¢ for pure PCM reached nearly 0.3.
However, the inclusion of solid fins increases the L¢ value by 24 %,
raising it to 0.36 due to improved conduction compared to pure PCM.
Conversely, porous fins within PCM decrease the amount of melted PCM
by 14 %, reducing L¢ to 0.25. A similar pattern was observed for the 3C
discharge rate in Fig. 7 (b), with less PCM melting due to lower transient
heat generation. Nonetheless, at a 1C discharge rate, all the heat
generated by the batteries was absorbed as sensible heat storage,
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preventing phase change from occurring.

When comparing the heat transfer mechanisms for solid and porous
fins, the solid fins transfer the battery’s generated heat through con-
duction to the housing, and a similar mechanism occurs in porous fins.
However, as the PCM begins to melt within the pores of the porous fins,
natural convection is introduced in addition to conduction. The pores in
the porous fins facilitate fluid movement as the PCM melts, enhancing
heat transfer throughout the PCM by mixing and circulating it inter-
nally. Moreover, the porous structure increases the surface area avail-
able for heat transfer compared to solid fins. Therefore, as shown in
Fig. 6 (a) and (b), both types of fins provide almost the same maximum
surface temperature for the battery just before the PCM melting onset,
occurring at 200 s and 480 s for 5C and 3C discharge rates, respectively.
After this point, better heat transfer performance was observed for
porous fins.

As illustrated in the PCM liquid fraction contours in Fig. 8 (a), (b),
and (c), less PCM was melted near the battery housing when using
configurations other than pure PCM. For solid fins, heat transfer occurs
mainly through conduction, leading to localized heating around the fins
and increased PCM melting in these areas and around the PCM housing.
In contrast, with porous fins, PCM melting predominantly occurs within
the porous fins and PCM housing. The porous fins provide nucleation
sites for the phase change, potentially resulting in a more uniform
melting within the pores. Thus, the enhanced heat transfer observed in
porous fins can be attributed to the combined effects of increased surface
area, enhanced convection due to liquid PCM movement within the
pores, and improved heat distribution throughout the PCM.

The enhanced heat transfer performance of the HBTMS was reflected
in the average Nusselt number on the battery’s surface. The average
Nusselt number on the battery surface is defined as follows [76]:

GvsLs
(Tb,xur - TPCM‘m)Kl,PCM

Nu, = (42)

where gy, Ly, Tpsur> Trcmms Kipow are heat flux on the battery surface,
battery height, battery surface temperature, PCM melting temperature,
and liquid PCM thermal conductivity, respectively.

Heat transfer enhancement was compared based on the average
Nusselt number, as depicted in Fig. 9. For different types of BTMS, the
Nusselt number increased significantly until melting commenced and
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Fig. 11. Maximum temperature difference within the battery pack for different BTMS under various battery discharge rates.

the surface temperature exceeded the PCM solidus temperature. Sub-
sequently, the Nusselt number gradually declined until the completion
of the discharge. Unlike the 1C discharge rate, where the PCM did not
melt, higher discharge rates of 3C and 5C showed a higher average
Nusselt number for both solid and porous fins compared to pure PCM
after melting. At the end of the 5C discharge rate, the average Nusselt
number improved by 172 % and 260 % for solid and porous fins,
respectively. For the 3C discharge rate, the average Nusselt number was
enhanced by 161 % and 231 % for solid and porous fins, respectively.
However, as shown in Fig. 9(c), during the 1C discharge rate, pure PCM
BTMS achieved a higher average Nusselt number, as the PCM did not
undergo phase change. Additionally, when comparing the average
Nusselt numbers for different PCM based BTMS configurations (pure
PCM, PCM with solid fins, and PCM with porous fins) under various
discharge rates, the average Nusselt number was higher for lower
discharge rates. This is due to longer discharge times at lower discharge
rates, allowing the BTMS more time to extract the generated heat until
the end of discharge.
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Further enhancement of the BTMS was investigated by introducing
liquid cooling to the PCM with porous fin BTMS. As shown in Fig. 6,
compared to the pure PCM BTMS, the PCM with porous fins and liquid
cooling BTMS reduced Tyax sur by 8.89 K, 6.14 K, and 6.10 K for 5C, 3C,
and 1C discharge rates, respectively. By adding a porous layer to the
liquid cooling section, the PCM with porous fins and liquid cooling
HBTMS further reduced Tyay, sur by 9.18 K, 6.75 K, and 6.33 K for 5C,
3C, and 1C discharge rates, respectively. For the 1C discharge rate, due
to less heat generation, Tyax, sur €ven fell below the ambient tempera-
ture of 308.15 K. The generated heat, conducted to the cooling plates
through the battery housing, PCM, porous fins, PCM housing, and
cooling plates, was dissipated by forced convection due to the water flow
in the copper tube. The presence of the porous layer also enhances the
forced convection within the copper tube.

As illustrated in Fig. 10(a), the introduction of a porous layer
significantly modifies the parabolic velocity profile at the middle of the
copper tube along the vertical axis. The porous layer introduces resis-
tance, resulting in a reduced velocity in this region, falling below the



A. Keyhani-Asl et al.

Static temperature
347.799

343.334
338.869
334.404
329.939
325.474
321.010
316.545
312.080
307.615

303.150
K]

Applied Thermal Engineering 268 (2025) 125848

(e) PCM with porous fins and liquid cooling with porous layer

Fig. 12. Static temperature contour plots for different BTMSs and HBTMS at the end of the 5C discharge rate.

mean velocity. This resistance also creates a steeper velocity gradient
near the interface between the porous medium and the clear fluid re-
gion. Consequently, mixing is enhanced near the copper tube wall,
where the porous layer provides higher thermal conductivity. In the
open, more permeable region at the core of the copper tube, the fluid
velocity is approximately 1.75 times higher compared to the tube
without a porous layer.

The dimensionless temperature profile within the copper tube is
defined as follows [771]:

k (T - Tw,tube)

9=-"

43
qw,tubeD ( )

where T, qpe and gy, rupe are the copper tube wall temperature and heat
flux, respectively. D is the diameter of the copper tube.

The temperature profile shown in Fig. 10(b) reveals the impact of the
porous layer on temperature distribution. The continuous profile
observed in the copper tube without porous layer was altered, displaying
a disconnection in temperature distribution upon the insertion of the
porous layer. The higher temperature of the liquid phase within the
porous layer, compared to the temperature in the absence of a porous
layer, indicates enhanced heat removal from the surface of the copper
tube. This enhancement is attributed to the increased heat transfer
surface area provided by the copper foam’s ligaments. Additionally, a
considerable temperature difference between the solid and liquid phases
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within the porous layer is evident. This disparity arises from the
significantly higher thermal conductivity of the copper foam compared
to the water flowing through the porous layer. Furthermore, the liga-
ments within the porous medium disrupt the formation of the thermal
boundary layer.

Introducing liquid cooling to the system significantly impacts the
PCM melting process, causing a noticeable delay in the melting onset of
the PCM. As presented in Fig. 7, the L¢ value dramatically decreased for
different HBTMS configurations with liquid cooling. Compared to pure
PCM BTMS, for the 5C discharge rate, a reduction of 86 % and 94 % was
observed for BTMS with liquid cooling and HBTMS with liquid cooling
and a porous layer, respectively. For lower discharge rates, introducing
liquid cooling prevented the PCM from melting during discharge.
Moreover, comparing PCM liquid fraction contour plots in Fig. 8(a), (d),
and (e), under the 5C discharge, it can be seen that with liquid cooling,
PCM mostly melted within the porous fins and around the battery
housing, while PCM near the PCM housing remained solid due to
enhanced heat transfer by cooling plates. For batteries 1 to 4, which are
close to the liquid cooling inlet, less PCM melted. However, as water
absorbed heat along the copper tube, causing an inlet temperature rise,
the portion of melted PCM increased, especially for batteries 9 to 12.
Additionally, for batteries 2, 3, 6, 7, 10, and 11, which are surrounded by
copper tubes in the cooling plates, a smaller proportion of the PCM
melted. In contrast, for batteries on the side of the pack were less
affected by liquid cooling, more heat was absorbed as latent heat by
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Fig. 13. Tyax, sur» ATMax, at the end of discharge for the HBTMS under investigation for different discharge rates.

PCM.

As illustrated in Fig. 9(a), under a 5C discharge rate, at the end of
discharge, the HBTMS with liquid cooling and a porous layer, as well as
the HBTMS with liquid cooling alone, increased the average Nusselt
number by approximately 13 times and 9 times, respectively, compared
to the pure PCM BTMS. Fig. 9(b) shows that under a 3C discharge rate,
the improvement is approximately twofold and threefold, respectively.
Therefore, it can be concluded that HBTMS with liquid cooling is
particularly suitable for high discharge rates.

Effective BTMS design needs to consider not only reducing the
maximum temperature but also minimizing the maximum temperature
difference to maintain a uniform temperature distribution within the
battery pack and individual battery cells. Thus, the maximum temper-
ature difference with the battery pack (ATyay) has been considered as
the second evaluation criterion. According to the literature, ATyx
should be kept below 5 K [9,12,13]. As shown in Fig. 11, ATpax
increased for higher discharge rates in improved HBTMS compared to
pure PCM BTMS. Based on the melting start time in Fig. 7 for different
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discharge rates and various BTMSs, it was concluded that in BTMSs
having the PCM melted, a reduction in ATy was observed after the
onset of melting, especially at higher discharge rates. For lower
discharge rates, a uniform and slight change in ATyx was noted for
different BTMSs. Additionally, more fluctuations were recorded for
HBTMS with liquid cooling and liquid cooling with a porous layer, but in
all cases, ATyax remained well below 5 K. The acceptable ATyax pro-
vided by different BTMSs is attributed to the innovative design of the
housing around the battery cells, which connects to the cooling plates
and prevents direct PCM contact with the battery. Moreover, as shown in
contour plots in Fig. 12, this housing ensures a uniform temperature
distribution on the battery surface. The temperature gradient observed
in the radial direction of the batteries is due to the lower thermal con-
ductivity in this direction compared to the axial direction.

To closely evaluate the performance of the proposed HBTMS, the
battery maximum surface temperature difference (ATyax,p) and Tnax,sur
at the end of discharge for each battery cell under various discharge
rates are presented in Fig. 13. As shown, under different discharge rates,
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Fig. 15. Effect of porous fin properties on maximum battery surface temperature in terms of (a) porosity and (b) pore density.

the battery cells located on the sides of the battery pack (1, 4, 5, 8,9, 12)
exhibited higher Tyjax sur compared to those in the middle (2, 3, 6, 7, 10,
11). Fig. 12(e) demonstrates that the static temperature of the batteries
was lower for battery cells near the inlet and middle of the pack, while
the highest temperature at the battery cores was found on the sides and
in the last row of the pack. The middle battery cells benefit more from
the liquid cooling with a porous layer due to their vicinity to the copper
tubes in the cooling plates. Additionally, as water flows through the
copper tube, the liquid cooling’s heat removal capacity decreases,
leading to an increase in the inlet temperature. Consequently, for all
discharge rates, the maximum and minimum Twyaxsur Values are
observed in batteries 12 and 2, respectively. In terms of ATyaxpb, the
HBTMS maintains it below 1 K even at a high discharge rate of 5C. As the

16

discharge rate decreases, a more uniform temperature distribution is
achieved due to the reduced heat generation rate.

Considering the impact of fin type on HBTMS’s energy density based
on the equation (44) [78], Fig. 14(a) shows that due to their porous
structure, porous fins weigh less than solid fins. Consequently, the en-
ergy density for HBTMS with porous fins is approximately 25 % higher
compared to HBTMS with solid fins. Therefore, porous fins outperform
solid fins in terms of energy density.

UG
T m

Eq4 (44)

where E; represents the energy density, U denotes the battery’s nominal
voltage, Cy indicates the battery’s nominal capacity, and m signifies the
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mass of the BTMS.

Inserting porous layers within the copper tube increases the heat
transfer rate but also results in a higher pressure drop. Therefore,
balancing these parameters is crucial. To evaluate the heat transfer
performance, based on Eq. (45), the performance evaluation criteria
(PEC) [79] was utilized. The PEC value provides a comparison of the
Nusselt number and pressure drop for the liquid cooling with and
without porous layer in the copper tube, while maintaining all other
geometric characteristics of the HBTMS constant. As shown in Fig. 14
(b), for various discharge rates, PEC values exceed one, indicating that
the increase in heat transfer rate due to the porous layer outweighs the
rise in pressure drop. The enhanced HBTMS performance is more pro-
nounced at higher discharge rates.

17

(45)

where Nu and f; are the average Nusselt number for liquid cooling and
friction factor, respectively, are defined as follows:

Nu = (46)

hD
Ky
where h, D, and K; represent the average convection heat transfer co-

efficient, copper tube inner diameter, and water thermal conductivity,
respectively.
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7

where AP, Pp> and Uy, denote the pressure drop along the copper tube,
water density, and inlet velocity, respectively.

4.2. Impact of porous fins porosity and pore density

Porosity and pore density are critical characteristics of porous media
that significantly influence their permeability and thermal performance.
In this section the effects of porosity (0.7, 0.8, and 0.9) and pore density
(20, 30, and 40 PPI) of porous fins on the performance and design fea-
tures of the HBTMS system have been investigated. The porosity and
pore density of the porous layers within the copper tube have been
considered constant at 0.9 and 30 PPI, respectively.
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As previously demonstrated, the inclusion of porous fins significantly
impacts PCM performance by enhancing its thermal conductivity.
Fig. 15 and Fig. 16 illustrate that porosity has a greater effect on Tyay,
sur, and L¢ compared to pore density. Fig. 15(a) shows that Tyayx, sur
decreases by considering porous fins with lower porosity. At the end of
discharge, compared to a high porosity of 0.9, Tmax, sur decreases by
0.18 K and 0.25 K for porosities of 0.8 and 0.7, respectively. Fins with
reduced porosity have more solid material (copper) and smaller voids,
which generally provide better thermal conductivity due to increased
conduction paths within the PCM. However, as shown in Fig. 16(a),
higher porosities, which result in fins with larger voids and more PCM
within the pores, lead to higher L values. For porosities of 0.9 and 0.8,
the L¢ value is approximately 22 % and 7 % higher than that of a porosity
of 0.7 at the end of discharge, respectively. Additionally, PCM melting
onset occurs earlier for lower porosities; for instance, melting begins at
495 s for a porosity of 0.7 under a 5C discharge rate, which is 22 s and
31 s earlier than for porosities of 0.8 and 0.9, respectively.

Regarding the impact of pore density, Fig. 15(b) and Fig. 16(b) de-
pict that Tyiax, sur, and L¢ are not significantly influenced by pore density.
Since porosity was kept constant, the amount of metal used remains
unchanged. Comparing 20 PPI to 40 PPI, the system contains fewer
pores per unit length at 20 PPL. To maintain constant porosity, the area
of the metal between pores must be greater for 20 PPI compared to 40
PP, resulting in higher heat conductivity. Conversely, at 40 PPI, the
PCM was divided by a larger number of encapsulations, enhancing
performance compared to 20 PPI. Therefore, the opposing effects of
increased metal area and greater encapsulation lead to a negligible
overall impact on temperature and liquid fraction. Additionally, with
constant porosity, the volume fraction of PCM remains the same across
different PPI values.

As depicted in Fig. 17, the average Nusselt number on the battery
surface is more significantly affected by porosity than by pore density.
Specifically, Fig. 17(a) demonstrates that after the onset of PCM melting,
porous fins with lower porosity lead to a higher average Nusselt number.
This is due to the fact that lower porosity enhances both heat conduction
and effective convection at the pore scale, thereby improving overall
heat transfer. At the end of discharge, compared to a porosity of 0.9, the
average Nusselt number was improved by 33 % and 52 % for porosities
of 0.8 and 0.7, respectively. Conversely, Fig. 17(b) indicates that with
constant porosity, variations in pore density do not affect the average
Nusselt number, as changes in pore density have a minimal impact on
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Fig. 20. Effect of porous layer properties on maximum battery surface temperature in terms of (a) porosity and (b) pore density.

PCM melting and battery surface temperature.

Considering the state of individual battery cell within the battery
pack at the end of a 5C discharge, as shown in Fig. 18, a similar trend in
TMax, sur, and ATyax », Was observed for different porosities of the porous
fins, with lower values for the lower porosity of 0.7. Battery cells close to
the inlet section and in the middle of the battery pack tend to have lower
TMax, sur- Moreover, higher ATy b was found to occur in battery cells on
the side of the pack, including batteries 1, 4, 5, 8, 9, and 12, as these
battery cells were less affected by liquid cooling. As depicted in Fig. 18,
almost similar Tmax, sur, and ATwmaxp Was recorded for various pore
density of the porous fins, indicating that pore density has minimal
impact on these parameters.

As depicted in Fig. 19, the energy density of the system was signifi-
cantly affected by the porous fins’ porosity. Lower porosities contain
more copper, which has a higher density, thereby increasing the sys-
tem’s weight and negatively impacting the energy density. Conse-
quently, when considering porous fins with higher porosity compared to
a porosity of 0.7, the energy density increased by approximately 3 % and
6 % for porosities of 0.8 and 0.9, respectively.

4.3. Impact of porous layers porosity and pore density within the copper
tube

As demonstrated in the previous sections, HBTMS based on liquid
cooling with a porous layer was found to be more effective. Therefore,
this section investigates the properties of the porous layer within the
copper tube, specifically in terms of porosity (0.7, 0.8, and 0.9) and pore
density (20, 30, and 40 PPI), and their impact on system cooling per-
formance. For this analysis, the porosity and pore density of the porous
fins were kept constant at 0.9 and 30 PPI, respectively.

As depicted in Fig. 20(a), in contract to porous fins’ porosity (Fig. 15
(a)), increasing the porous layer porosity results in lower Tyax, sur- At the
end of the 5C discharge, compared to a porosity of 0.7, Tyax, sur iS
reduced slightly by 0.1 K and 0.16 K for porosities of 0.8 and 0.9,
respectively. Increased porosity leads to a higher number of voids within
the porous material and as shown in Fig. 21(a) enhancing the penetra-
tion and flow of the cooling fluid through the porous layer. Also, as more
liquid passes through the porous layer, the velocity of the fluid in the
core of the copper tube declines, when compared to porosity of 0.7, the
maximum dimensionless velocity value declines by 42 % and 50 % for
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porosities of 0.8 and 0.9, respectively. By more penetration of the fluid
into the porous layer with higher porosity, the mixing of the fluid in-
creases in the vicinity of the copper tube surface. Comparing the
dimensionless temperature profile for solid phase for different porosities
in Fig. 21(b) depicts higher temperature for lower porosity of 0.7 due to
improved effective thermal conductivity. However, dimensionless tem-
perature of the liquid phase within the porous layer was observed to be
higher for the porosity of 0.9 which depicts better heat removal from the
copper tube surface.

Local Nusselt number in the porous layer is defined as follows [80]:

D JaT
(TSolidphase - Tbulk) a.y w

The mentioned enhanced heat transfer is evident on local Nusselt
number due to improved convection along the porous layer as depicted
in Fig. 21(c), where the local Nusselt number increased by 24 % and 73
% for porosity of 0.8 and 0.9 respectively, compared to porosity of 0.7.
This improves the transfer of generated heat from the battery to the
cooling fluid, thereby reducing the Tyax, sur- The impact of variations in
pore density of the porous layers on Tyax, sur is shown in Fig. 20(b). In
contrast to porosity, higher pore density results in higher Tyax, sur-
During the discharge, the maximum difference in Tyax, sur for 30 PPI and
40 PPI compared to 20 PPI was 0.14 K and 0.25 K, respectively. How-
ever, this difference was evident before the start of PCM melting. After
approximately 500 s, porous layers with different pore densities pro-
vided almost similar Tyax, sur- The physical reason for this trend is that
higher pore densities at constant porosity result in smaller pore sizes,
which can restrict the flow of the cooling fluid through the porous layer
and as shown in Fig. 22(a) the dimensionless velocity is lower in porous
layer with 40 PPI pore density compared to 20 PPI. Also, similar to
porosity, the dimensionless velocity in clear region at the core of the
copper tube tends to increase by increasing the pore density. As depicted
in Fig. 22(b), this restriction reduces the efficiency of heat transfer from
the battery to the cooling fluid, leading to higher surface temperatures.
Although higher pore density provides more surface area, the limited
fluid flow reduces the overall convective heat transfer effectiveness. It
was also observed that according to Fig. 22(b), pore density variation
seems to have less impact on local temperature distribution especially in
the clear region of the copper tube. The porous layer with a 20 PPI pore

Nu = (48)
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along the vertical axis at the end of 5C discharge rate.

density achieved a higher heat transfer rate due to the increased fluid
flow rate in the foam region. However, its heat transfer area is smaller
due to lower pore density compared to the porous layer with a 40 PPI
pore density. These two opposing factors lead to only a minor difference
in the local temperature. As illustrated in Fig. 22(c), variations in pore
density have a minor impact on the local Nusselt number along the
porous layer. While increasing the pore density with constant porosity
results in similar heat conduction, it reduces convection heat transfer
due to decreased permeability. Consequently, the local Nusselt number
decreases with higher pore density.

As shown in Fig. 23, variations in the porosity of porous layers have a
greater impact on L¢ compared to changes in pore density. When the heat
transfer enhancement capability of the porous layers is reduced, more

(c)

Fig. 21. Effect of porous layer porosity on (a) dimensionless velocity, (b) dimensionless temperature, and (c) local Nusselt number at the middle of the copper tube
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heat is absorbed by the PCM, resulting in more extensive PCM melting.
Fig. 23(a) indicates that the onset of PCM melting is affected by porosity;
compared to a porosity of 0.7, delays of 58 s and 34 s were recorded for
porosities of 0.8 and 0.9, respectively. The opposite trend was observed
for various pore densities, with increased pore density causing PCM to
start melting earlier.

The impact of the porous layers’ porosity and pore density on the
average Nusselt number on the battery surface is depicted in Fig. 24. As
shown, due to the improved heat transfer rate associated with higher
porosities, the Nusselt number is higher for the porosity of 0.9 compared
to lower porosities, particularly after the onset of PCM melting. At the
end of the discharge, the Nusselt number is approximately 31 % and 16
% higher for porosities of 0.9 and 0.8, respectively, compared to a
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Fig. 22. Effect of porous layer pore density on (a) dimensionless velocity, (b) dimensionless temperature, and (c) local Nusselt number at the middle of the copper

tube along the vertical axis at the end of 5C discharge rate.

porosity of 0.7. In contrast, the Nusselt number is less affected by pore
density and tends to decrease with increasing pore density. At the end of
discharge, the Nusselt number is reduced by about 1 % and 3 % for pore
densities of 30 PPI and 40 PPI, respectively, compared to 20 PPIL.

Fig. 25 provides the Tyax, sur and ATy, b Of different battery cells at
the end of the 5C discharge. Similar to previous cases, the batteries in the
middle of the pack, which are surrounded by liquid cooling, experience
lower Twax, sur, While batteries 9 and 12 in the last row have the highest
Tmax, sur- In terms of ATy, b, the battery cells on the sides of the pack
exhibit a higher maximum surface temperature difference. A similar
pattern was observed for different porosities and pore densities. This
indicates that the position within the pack and the surrounding cooling
conditions significantly influence the thermal behavior of the batteries,
regardless of the porosity or pore density of the porous layers.

To compare the increasing pressure drop and improved heat transfer
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offered by porous layers within the copper tube, the PEC value is
depicted for different porosities and pore densities in Fig. 26. For a lower
porosity of 0.7, the increasing pressure drop outweighs the higher heat
transfer rate, resulting in a PEC value below one, indicating that using
porous layers with low porosity is not advisable. However, for higher
porosities of 0.8 and 0.9, the PEC value improves by 53 % and 114 %,
respectively, compared to a low porosity of 0.7. These higher porosities
yield PEC values above one. For a constant porous layer porosity of 0.9,
as shown in Fig. 26(b), the highest PEC value is achieved with a pore
density of 30 PPI, which is about 12 % and 8 % higher compared to pore
densities of 20 PPI and 40 PPI, respectively. This indicates that a balance
between pore density and porosity of the porous layer can optimize both
pressure drop and heat transfer performance.

As demonstrated in Fig. 27, the energy density of the systems is
proportionally related to the porosity of the porous layers. Compared to
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a porosity of 0.7, increasing the porosity to 0.8 and 0.9 results in 1.3 %
and 2.8 % improvements in energy density, respectively. This
enhancement is due to the fact that higher porosity typically means
more void space within the material, leading to a reduction in the overall
weight of the system. A reduction in weight without compromising en-
ergy capacity results in an increase in energy density.

In practical applications, the minimal impact of pore density on
thermal performance suggests that the selection of metal foams with
varying pore density and constant porosity is more influenced by factors
such as mechanical strength, manufacturability, and cost, rather than
thermal performance [81]. While porous fins with lower porosities
typically provide better heat transfer due to improved thermal con-
ductivity, higher porosity porous fins are often favoured for their ability
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to increase energy density, which is essential for efficient system design.
The slight reduction in thermal performance associated with higher
porosity porous fins is offset by the benefits of reduced system weight
and enhanced energy efficiency. A porous layer with higher porosity
also improves cooling fluid flow and heat transfer, while increased pore
density, despite offering more surface area, can restrict fluid flow and
slightly reduce heat transfer efficiency. Therefore, balancing porosity
and pore density in the porous layer is key to optimizing system per-
formance. According to the obtained results, higher porosities are rec-
ommended for their superior energy density and improved cooling
effectiveness, making them ideal for applications prioritizing efficiency
and performance.
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Tmax, sur» ATmaxb at the end of 5C discharge for the HBTMS with different porous layers’ (a) porosity and (b) pore density.
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5. Conclusion

The implementation of a battery thermal management system is
essential for enhancing the efficiency, safety, and durability of lithium-
ion batteries (LIBs). In the present numerical investigation, a hybrid
battery thermal management system (HBTMS) has been studied, that
integrates phase change material (PCM), copper foam as porous fins and
porous layers, and liquid cooling. In contrast to earlier research efforts
that primarily focus on conventional solid fins or single cooling mech-
anisms, this investigation aims to bridge this gap in the literature by
optimising the properties of porous fins and layers in HBTMS to achieve
significant improvements in both thermal performance and energy
density. These enhancements are realised through improved conduction
and convection, enabled by the integration of porous media within the
PCM and liquid cooling plates, as well as the unique structure of the
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porous media with interconnected pores. Transient LIB heat generation
was modelled using the Bernardi equation, incorporating resistive and
entropic heat generation. The HBTMS was compared with PCM based
BTMS configurations, including pure PCM, PCM with solid fins, PCM
with porous fins, and PCM with porous fins combined with liquid
cooling without any porous layers. The impact of the porosity (0.7, 0.8,
and 0.9) and pore density (20, 30, and 40 PPI) of the copper foam as
porous fins and porous layer have been analysed on HBTMS thermal and
design performance. The conclusions are as follows:

e The proposed HBTMS incorporating PCM with porous fins and liquid
cooling with porous layers significantly reduced the Tyjay sur by 9.18
K (2.9 %) compared to the pure PCM BTMS. The Tyax,sur reduction
for PCM with solid fins, PCM with porous fins, and PCM with porous
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fins and liquid cooling were 6.6 K (2.1 %), 7.52 K (2.3 %), and 8.89 K
(2.8 %), respectively, compared to pure PCM BTMS.

e Compared to pure PCM BTMS at a 5C discharge rate, the Lf was
reduced by 86 % and 94 % by HBTMS with liquid cooling and a
porous layer, respectively. The onset of PCM melting was signifi-
cantly delayed in the proposed HBTMS, ensuring the PCM remains
solid for a longer duration during battery discharge compared to the
pure PCM BTMS.

o ATyax was maintained well below 5 K for various HBTMS configu-

rations, ensuring a uniform temperature distribution across the

battery pack and each battery cell.

The addition of porous layers in HBTMS provided a performance

evaluation criteria (PEC) value exceeding one, indicating enhanced

heat transfer outweighs the increase in pressure drop.

The system’s energy density was significantly enhanced by approx-

imately 25 % when porous fins are used compared to solid fins. This

improvement is attributed to the lower weight of the porous fins.

Porous fins with higher porosity result in higher L¢ values and a

delayed onset of PCM melting, with L¢ increased by approximately

22 % and 7 % and delays of 22 s and 31 s for porosities of 0.8 and 0.9,

respectively, compared to a porosity of 0.7.

Porous fins with lower porosity lead to a higher Nu on the battery

surface after the onset of PCM melting, with improvements of 33 %

and 52 % for porosities of 0.8 and 0.7, respectively, compared to a

porosity of 0.9.

Energy density was significantly influenced by porosity, with higher

porosities of 0.8 and 0.9 resulting in increases of approximately 3 %

and 6 %, respectively, compared to a porosity of 0.7.

The Nu on the battery surface was higher for increased porosity of

the porous layers within the copper tubes, showing improvements of

31 % for a porosity of 0.9 and 16 % for a porosity of 0.8, compared to

a porosity of 0.7.

The performance evaluation criteria (PEC) values were positively

impacted by the increased porosity of the porous layers. For a

porosity of 0.7, the PEC value was below one due to the increased

pressure drop. However, higher porosities of 0.8 and 0.9 yielded PEC
values above one, indicating that the enhanced heat transfer rate
outweighed the increase in pressure drop.
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