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Abstract: The charging and discharging process of batteries generates a significant amount of heat,
which can adversely affect their lifespan and safety. This study aims to enhance the performance of a
lithium-ion battery (LIB) pack with a high discharge rate (5C) by proposing a combined battery ther-
mal management system (BTMS) consisting of improved phase change materials (paraffin/aluminum
composite) and forced-air convection. Battery thermal performance is simulated using computational
fluid dynamics (CFD) to study the effects of heat transfer and flow parameters. To evaluate the impact
of essential parameters on the thermal performance of the battery module, temperature uniformity
and maximum temperature in the cells are evaluated. For the proposed cooling system, an ambient
temperature of 24.5 °C and the application of a 3 mm thick paraffin/aluminum composite showed
the best cooling effect. In addition, a 2 m/s inlet velocity with 25 mm cell spacing provided the best
cooling performance, thus reducing the maximum temperature. The paraffin can effectively manage
thermal parameters maintaining battery temperature stability and uniformity. Simulation results
demonstrated that the proposed cooling system combined with forced-air convection, paraffin, and
metal foam effectively reduced the maximum temperature and temperature difference in the battery
by 308 K and 2.0 K, respectively.

Keywords: phase change materials; lithium-ion battery; hybrid cooling system; electric vehicle;
battery thermal management system

1. Introduction

Due to their high energy density, safety, and long life, LIBs are becoming popular in
electric vehicles [1-3]. Lithium-ion batteries generate a lot of heat after a long period of
operation, and this heat accumulation may damage battery life and performance [4]. It
may cause the battery to overheat or have a non-uniform temperature distribution, thus
compromising its safety [5]. On the other hand, the low temperature of the environment
reduces the energy density and power of the battery. For the safe operation of battery-based
electric vehicles, it is essential to introduce a suitable BTMS [6]. A BTMS is the way to
ensure the safety and performance of the battery module, extend the battery’s lifespan, and
prevent thermal runaway. Consequently, necessary efforts are needed to develop a BTMS
that maintains the battery’s temperature within an optimal operating range of 20-35 °C
and provides enhanced temperature uniformity. The heat transfer environment, power
consumption, and contact between the coolant and the battery surface are the main factors
in the classification of BTMSs.

Nowadays, various strategies for thermal management of batteries have been devel-
oped. Cooling of batteries is conventionally carried out by liquid cooling, air cooling, and
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phase change materials (PCMs) [7]. In the active method, energy is spent on cooling, like
in air- and water-cooling thermal management systems. In the passive method, cooling
is done without expending energy, such as by using materials with high thermal storage
capacity (i.e., PCM). The first requirement of air cooling is an appropriately designed
configuration to maintain the temperature uniformity and temperature range of the battery
pack. In BTMSs, maximum temperature (Tmax) refers to the highest temperature the battery
achieves, while maximum temperature difference (ATmax) represents the temperature vari-
ation between batteries. Recent studies on air-cooling systems have focused on improving
traditional structures and suggesting new designs. Airpath design, cell spacing, and pack
arrangement are parameters for battery module optimization [8,9]. The key objectives for
air-cooling designs are decreased energy consumption and temperature uniformity [10].

Wau et al. [11] investigated the battery thermal efficiency utilizing natural convection
and forced air. They showed that forced convection reduced the maximum temperature
from 47 °C to 30 °C. Wang et al. [12] researched the efficiency of air cooling considering
various ambient temperatures. They concluded that ambient temperatures below 20 °C at
3C do not require forced-air cooling, but that forced-air cooling is needed if the ambient
temperature exceeds 35 °C. Chen et al. [13] introduced a Z-type flow and flexible cell
distance to reduce ATmax by approximately 60%. In another study, Fan et al. [14] examined
air-cooling performance for parallel and crossed battery modules. They discovered that the
aligned configuration had the maximum cooling efficiency and temperature uniformity, and
the temperature difference was decreased by 12% compared to the crossed configuration.
Kirad et al. [15] concluded that the cell distance between the batteries affects the temperature
uniformity, and that the transverse distance impacts the cooling performance. Hasan
et al. [16] designed a BTMS for electric vehicles using air cooling to reduce operating
temperatures and prevent thermal runaway. The simulation results demonstrated that
raising the Reynolds number (Re) and the cell spacing can significantly impact the thermal
performance and cooling capacity of LIBs. With an Re of 30,000 and cell spacing of 6 mm,
the optimal configuration provided improved electrical properties and extended battery
life. Rabiei et al. [17] proposed a novel liquid cold plate for the thermal management of
prismatic Li-ion batteries. They used wavy microchannels and metal-foam-embedded
microchannels to reduce the maximum temperature by 4-6 °C and 14 °C, respectively,
compared to straight microchannels. The anode is a critical component of batteries, and
its material selection significantly impacts battery safety, charging efficiency, capacity, and
overall lifespan [18]. Sha et al. [19] worked to improve the electrochemical performance
of LigTisOq, (LTO) anode material for lithium-ion batteries. Their results demonstrated
that LTO composites are a promising anode material for lithium-ion batteries with a high
discharge capacity, stability, and tap density.

Generally, BTMSs are subjected to PCM cooling due to its simplicity, low cost, and
high efficiency. As a result of these materials” high latent heat, cooling systems can absorb
heat generated by LIBs, which can significantly decrease the temperature [20]. Kizilel
et al. [21,22] investigated the cooling efficiency of the system, looking at PCM with air
cooling to prevent heat diffusion among battery cells. They explained that air cooling
at high velocity leads to non-uniformity of temperature distribution, observed above
3 °C in the cells. Nevertheless, PCM in the module significantly improved the tempera-
ture uniformity, with temperature variations of less than 0.2 °C. Ling et al. [23] studied
18,650 LIB pack thermal performance using a forced-air convection integrated PCM hybrid
cooling system. They found that the ATmax and Tmax are below 3 °C and 50 °C, respectively,
at rates less than 2C. A numerical analysis was conducted by Verma et al. [24] using capric
acid and paraffin wax as the PCM. Their results showed that using PCM reduced battery
temperatures by 9 K compared to before. Zhang et al. [25] studied the effect of PCM dosage
on battery temperature control in PCM-based BTMSs. They introduced the “Heat ratio”
to analyze dosage. The results showed a lower temperature by increasing PCM heat ratio
and thermal conductivity. Iasiello et al. [26] conducted a numerical and experimental study
on PCM with aluminum foam. Their study showed that porosity significantly impacts the
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melting process, more than pores per inch (PPI), and foam orientation. Javani et al. [27]
recommended a 3D LIB model; the results indicated that battery temperature was reduced
by 3 K for a PCM thickness of 12 mm. Also, the temperature distribution for Li-ion cells was
enhanced by almost 10% when a 3 mm thick PCM was employed, which was a significant
result for the TMS (thermal management system). In another study by Lamrani et al. [28],
PCM was investigated as a TMS for LIBs. Results indicated that PCM reduced maximum
battery temperatures by up to 3 °C. The simplified model provides a practical tool for
battery pack designers to enhance thermal management systems. Bais et al. [29] studied
RT-42 to determine the minimum PCM thickness for Li-ion cells to stay below 323 K at 3C.
They found a required thickness of 3 mm. Combining air cooling and PCM significantly
improved temperature control and maximum temperature in hybrid systems. In hybrid
systems based on PCM, the sensible and latent heat capacities play an essential role, while
in active systems, they participate in cooling the PCM [30]. Kermani et al. [31] analyzed the
thermal efficiency of a battery module, looking at PCM with copper foam and an air-cooling
system for prismatic lithium-ion batteries. Compared to natural convection, Tmax using the
passive, active, and hybrid systems was reduced by 11 °C, 13 °C, and 24 °C, respectively.
For the hybrid power train, Yoongi et al. [32] examined the effect of the melting fraction of
PCM and flow rate on the thermal performance of an air-cooled and PCM LIB. The pro-
posed BTMS was designed to maintain maximum temperature after the complete melting
of the PCM. They could maintain Tmax below 49.2 °C at 4C discharge without consuming
additional energy. Limited studies have optimized hybrid cooling systems, focusing only
on passive or active ones. Under dynamic cycling, Peng Qin et al. [33] proposed a cooling
system using air cooling and PCM. They recommended a 5 mm thickness of PCM for
optimal cooling, effectively decreasing Tmax and ATmax at a high charge/discharge rate of 4C.
According to a review of the literature, various methods have been investigated
to enhance the cooling system. Due to the limitation of using the forced-air cooling
system, PCM, and metal foam in a single method, the combination of forced air, PCM,
and metal foam has become a major subject of interest for researchers [34]. To the best
of the authors” knowledge, evaluating the performance of the BTMS using forced air
and paraffin/aluminum composite together is necessary, and this is the main objective
of this study (Table 1). In this way, both active and passive cooling methods can work
together and in parallel to improve performance, prevent the melted PCM from becoming
a thermal barrier, and reduce the risk of system failure. Based on the heat produced and
heat transfer models, the thermal performance during the 5C discharge process until 720 s
is analyzed. The results of this study signify a step towards developing a BTMS with better
controllability. The following statements summarize the main aims of this work:

e  To Analyze the performance of the BTMS using active and passive cooling techniques
under forced air and paraffin/aluminum composite.

o To assess the effect of PCM on the BTMS heat dissipation performance, the thickness
of PCM is proposed. A more reasonable optimal PCM for the BTMS is also suggested.

e  To prevent thermal runaway, the distance between the cells and the airflow has been
studied as factors that contribute to maintaining a uniform temperature distribution
in the cells.

e  PCM thermal conductivity and phase transition temperature are investigated in detail
for paraffin and paraffin/Al foams to determine the battery temperature and PCM utilization.

Table 1. Comparison between the current study and recent studies on hybrid cooling in lithium-ion batteries.

Research Ref.  Year Elements of Cooling System Battery Type C-Rate Tmax(K)  ATpax(K)
Yoongi et al. [32] 2017 PCM + Forced air Prismatic 4C 3223 3.2
Qin et al. [33] 2019 PCM + Forced air Cylindrical 3C 289.1 1.2
Kermani et al. [31] 2019 PCM + Copper foam Pouchy 5C 308.9 4.6
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Table 1. Cont.

Research Ref. Year Elements of Cooling System Battery Type C-Rate Tmax(K) AT max(K)
Zhang et al. [25] 2021 PCM Prismatic 5C 314.5 25
Lamrani et al. [28] 2021 PCM Cylindrical 3C 305.1 -
Yang et al. [34] 2022 Forced air Prismatic 4C 324.8 2.8
Current study - - PCM + Aluminum foam + Forced air ~ Cylindrical 5C 308.1 2

2. Materials and Methods

As shown in Figure 1, the battery module is assumed to be a rectangular cube with
dimensions of 108 mm x 30 mm x 65 mm. The thickness of the casing walls is 0.5 mm
and they are made of glass. The battery used in this study is an LIB, commonly used in
most commercial electric vehicles worldwide. The thermodynamic and physical properties
of the battery cell are shown in Table 2. As shown in Figure 1, this module consists of
four lithium-ion battery cells, and a PCM with variable thickness is embedded between
each pair of battery cells. In this study, three paraffin thicknesses, four air velocities, three
different cell distances, five different cooling fluid temperatures, and the effect of porosity
were considered, in order to achieve the best possible state for the battery module. The
PCM used in this study is RT-27; its relevant properties are indicated in Table 3.

\ \

W | 1L

(a) (b)

Figure 1. (a) Geometry and (b) schematic of LIB pack with the phase change material cooling system
and cooling fan.

Table 2. Physical and thermodynamic properties of battery cells [35,36].

Properties Value
Density (kg/ m3) 2700
Thermal conductivity (radial) (W/m-K) 0.2
Thermal conductivity (axial) (W/m:-K) 31.15
Specific heat capacity (J/kg-K) 1726
Height (mm) 65
Diameter (mm) 18
Nominal capacity (mAh) 3000
Charging voltage (V) 4.20
Nominal voltage (V) 3.6
Lifecycles (cycles) 300 @0.5C to 80%
Discharge end voltage (V) 25
Weight (g) 45.50

Max. continuous discharge current (A) 15
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Table 3. Thermophysical properties of aluminum, air, PCM RT27, and PCM RT27 composite.

RT27—Metal Foam

Properties Aluminum [36] Air [37] Paraffin RT27 [38] Composite [36]
Specific heat capacity (J/kg-K) 910 1005 2500 1195.68
Thermal conductivity (W/m-K) 237 0.0267 0.2 4.49
Latent heat (k] /kg) - - 179 -
870 at 299 K .
Density (kg/m?3) 2800 1.165 781.5 at 301 K 9183%150&‘3
750 at 343 K q
—1.137439E — 8T° +
. . 1.178188E —
: - -5 _
Viscosity (kg-m/S) 1.86 x 10 5T2_0.004111388T +
0.4857203
Solidus temperature (K) - - 297.65 -
Melting temperature (K) - - 300.15 300.15

2.1. Modelling and Governing Equations

In order to investigate the efficiency of the TMS, the CFD method has been used. The
governing equations of continuity, momentum, and energy are defined in two domains,
including the cells and the cooling fluid (PCM and air). The following assumptions are
made before simulation:

e  The fluid flow is incompressible, and the flow regime is laminar and turbulent for
different fluid velocities.

Radjiative heat transfer is neglected.

The Boussinesq approximation estimates natural convection due to buoyancy.

The metal foam is assumed to be isotropic and homogeneous.

Volume expansion is neglected.

2.1.1. Battery

The first requirement in a BTMS performance investigation is to estimate the heat
generation rate inside the battery cell. Bernardi’s [39] model is the most used equation
among other thermal models to calculate heat generated. During the charge/discharge
process, reversible/irreversible heat generation inside the battery cell cause a temperature
increase. Reaction heat, joule heat, etc., are different types of heat generation inside the
battery cell. Bernardi [39] proposed a correlation for heat generation inside a battery cell as follows:

U
Qgen = Qir + Qre = I(Uocy — U) — IT% )

Qgen is the total heat generated, Q;; is the irreversibly generated heat, Q. is the
reversible heat production, I is the cell charge/discharge current, T is the cell temperature,
Uocy is the open-circuit voltage, U is the battery voltage, and aUa% is the temperature
coefficient of open-circuit voltage; these are all critical factors. During the discharge process,
the battery voltage is expressed as follows:

U =Upyc — IR 2)

R is equivalent to internal resistance. By substituting Equation (1) into Equation (2),

we get:

18}
Qgen = Qi + Qe = PR — IT% @)

Because the battery cell is made of various materials, the density, specific heat capacity,
and equivalent thermal conductivity must be used in the simulation and can be calculated

as follows: m
pp=—2 4
Vb
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Y epChiVi
PpCpb = — i — Zi\}f - (5)
Y. Liki
k= 6
YL (©)

To simulate the produced heat rate during the discharge process, a user-defined
function (UDF) is used based on the empirical study of Lai et al. [40], which considers the
open circuit voltage temperature coefficient and the equivalent internal resistance. Table 4
shows the polynomial fit for the equivalent internal resistance at different temperatures.

Table 4. Polynomial modeling of equivalent internal resistance (R) at different temperatures [40].

Polynomial Fitting of Equivalent Internal Resistance (R) Temperature (K)
58 — 355 x SOC + 1898 x SOCZ — 5121 x SOC3 + 7376 x SOC* — 5374 x SOC® + 1559 x SOC® 333
58 — 355 x SOC + 1898 x SOC2 — 5121 x SOC3 + 7376 x SOC* — 5374 x SOC® + 1559 x SOC® 323
66 — 382 x SOC + 1962 x SOCZ — 5181 x SOC3 + 7378 x SOC* — 5365 x SOC® + 1559 x SOC® 313
107 — 793 x SOC + 4036 x SOC2Z — 10,514 x SOC3 + 14,700 x SOC* — 10,480 x SOC® + 2989 x SOC® 303
166 — 1334 x SOC + 6559 x SOCZ — 16,531 x SOC? + 22,391 x SOC* — 15,496 x SOC? + 4301 x SOC® 293

Moreover, aUa%CV can be expressed as follows:

aUa%CV = —0.355 + 2.154 x SOC — 2.869 x SOC2 + 1.028 x SOC3 7)

The state of charge (SOC) measures the amount of energy available in a battery at a
specific point in time expressed as a percentage [41]. SOC was defined as:

SOC = — 8)

In the case of a battery cell, the energy conservation equation is as follows, where k;,,
Cpy,, and py, are thermal conductivity, specific heat capacity, and density, respectively:

J
= (PoCp, Tp) = V.(k VTy,) +

at Vp (9)

2.1.2. Coolant

This study defines the Reynolds number as Re = p,LV/,. where p,, u,, L, and V are,
respectively, the density, dynamic viscosity, characteristic length, and inlet velocity of air.
Given that the Re exceeds 3000, the airflow is classified as turbulent flow. Consequently,
this study adopts the standard k-¢ model with an enhanced wall treatment to analyze the
turbulent airflow. Also, the air can be treated as an incompressible fluid due to its relatively
low velocity compared to the acoustic velocity. The governing equations for the analysis
are presented as follows [42]:

Continuity equation:

9Pa v
W + V(paV) =0 (10)
—
V.V =0 (11)

Energy conservation equation:

T, 2
panaj + V. (0aCpaVTa) = V.(kaVTa) (12)
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Momentum conservation equation:

—

2~>
Pa gy = —Vp +u, V°V (13)

In the momentum equation, parameters p,, ka, V, P, Cpa, Ta, and i, represent the mass
density, thermal conductivity, velocity vector, static pressure, specific heat, temperature,
and dynamic viscosity of the air, respectively.

Turbulence kinetic equation:

2

o Ut € €
Pal V.V ]e=V.|(n+ G—S)VS +C£1KPK — Cszpai (14)
Turbulent kinetic energy dissipation equation:
v)v — HT
Pal V.VIK=V.|(n+ ?)VK + Px — pe (15)
K

K, &, 1, ur, C¢, and o are the turbulent kinetic energy, dissipation rate, molecular
dynamic viscosity coefficient, turbulent viscosity coefficient, empirical parameters, and
inverse effective Prandtl numbers of K and ¢, respectively. Equation (16) is employed
to calculate the turbulent viscosity (1), while Equation (17) is utilized to determine the
turbulence production (Px) [43].

K2
ur = pacu? (16)
T2 12
Pi =y | TV (TV+ (V) = S(V.V)?| = Zp, KTV (17)

The predetermined reference values for all model constants in equations are
ok =1,0, =13,C,, =1.44,C,, =1.92,C,, = 0.09 [44].

2.1.3. Phase Change Material

The method of enthalpy-porosity is utilized for the phase change of liquid/solid
during the melting process. The energy equation in the phase change process is as follows:

oH 2T 92T 9°T

Kal N A A 18
Por G Tt T (49
H = H, + AH (19)
T
Hy = Hye + /T Chpey,dT 20)
ref
AH = By (21)
0,T <Tg
ot Ts<T< Tp (22)
1,T>Ty

S,H, and T represent the heat source, total enthalpy, and temperature, respectively.
AH is specific heat that changes between solid and liquid phases, and Hy is the sensible
enthalpy. Hyf, Cppcm’ T1, and Tg represent the enthalpy at standard temperature, specific
heat capacity at constant pressure, melting point, and solidus point of the PCM, respectively.

2.2. Boundary and Initial Conditions
In this study, the following boundary conditions were used:

1.  The battery cells are fully charged.
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2. Initially, all module components have a temperature equal to the ambient temperature
(24.5°C).

3. The cell heat generated is considered at 5C.

4. The convective heat transfer coefficient between the battery and the environment
equals 5 (W/m-K).

5. The bottom wall of the battery module is thermally insulated.

6.  This study investigates five different cooling air temperatures (10, 15, 20, 24.5, and
30 °C) to dissipate heat and create suitable working conditions.

3. Numerical Method and Mesh Independency

A grid independence test is necessary for CFD simulations to ensure that the mesh size
does not affect the results. A mesh discretizes the physical domain into a finite number of
cells. The smaller the mesh size, the more accurate the simulation results will be. However,
a smaller mesh size also means a higher computational cost. Therefore, adopting a mesh
size that is small enough to achieve accurate results without being too computationally
expensive is essential. The geometry and mesh were created using the ANSYS Workbench
2020 software environment. The grid distribution of the computing domain and the module
components is shown in Figure 2. It can be observed that hexa and prism elements are
applied to the domain for the current study. A transient model was used to simulate the
BTMS due to unsteady heat generation. The turbulent flow was assumed for a Reynolds
number greater than 3000, and a 3D battery module was simulated under the k-¢ turbu-
lence model in this paper. The battery module was exposed to an ambient temperature of
297.65 K at 5C. A constant velocity of 2 m/s provided air cooling. The simulation was per-
formed with a time step of 0.1 s and 25 iterations per time step, with convergence residuals
of 107,107, and 10~ for the continuity, velocity, and energy equations, respectively. The
results of a mesh independence study for the average battery temperature distribution
are shown in Figure 3. Meshes with varying numbers of elements, i.e., 93, 160, 175, 800,
251, 200, 359, 070, and 462,125, were selected for comparison. The differences between the
average temperature values at the designated point is obtained when the mesh elements
number was 251,200(less than 1%). Therefore, it was decided that the optimum mesh
element number was 251,200, which was sufficient to achieve the desired accuracy while
saving computational time. Consequently, this study selected an optimal mesh size for
all cases.
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Figure 2. Mesh distribution across the battery and fluid domains: (a) battery grid, (b) PCM module
grid, (c) BTMS grid.

90f18

(©

308

| ——@— 93,160 elements
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80 160 240 320 400 480 560 640 720

Time (s)

Figure 3. Average temperature comparison to study mesh independency.

4. Validation of Numerical Model

To verify the battery thermal modelling, the numerical results of this study are com-
pared with the experimental results of Lai et al. [40]. A 18,650 LIB with a capacity of 3 Ah is
considered a sample, with an ambient temperature of 300 K and an SOC of 100%. The cell
is under conditions where it is fully charged and insulated with a cover to reduce heat loss
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and is discharged at 5C. The validation was performed by ANSYS Fluent 2020 software.
Figure 4a shows that the deviation between experimental data and numerical results is
less than 1.1%, indicating good agreement. Figure 4b shows the fraction of PCM melting
over 18 min, and the experimental and numerical results reported by Shmueli et al. [38]
are compared with this study. The finite volume method was used for the discretization of
the governing equations. Since the change in material density during a phase change is
negligible, the continuity and momentum equations were solved using a pressure-based
solver. A PCM model with a mushy zone value of 10° was employed [45,46]. The PCM
initially starts to melt at a temperature of 22 °C and under conditions where adjacent walls
are above the melting point of the fluid at a temperature of 30 °C. During the simulation
process, under-relaxation coefficients of 0.3, 0.5, and 0.9 are applied to the pressure, momen-
tum, and liquid fraction relation equations, respectively. Also, validation was conducted
with a time step of 0.01 s and 20 iterations per time step. According to Figure 4b, with a
maximum deviation of less than 5% from the experimental data, the numerical results of
this study are acceptable.

———&—— Experimental 1 ——&—— Experimental
——@8—— Current study ——@8—— Current study
| ——@—— Shmueli et al. simulation

360

—~ 350 0.8

<)

5 =

E=

2 340 £

g 2 06

o &

g o
330 =

2 3 0.4

("] D .

S =

< 320

=

wn

0.2
310

Y TR NS NN FEENE NN NN NN e 0 oo v b b b b

T

300

80 160 240 320 400 480 560 640 720 2 4 6 8 10 12 14 16 18
Time (s) Time (min)
(a) (b)

Figure 4. (a) Surface temperature comparison between the numerical and the experimental results of
Lai et al. [40]. (b) Melting fraction comparison between the numerical and the experimental results of
Shmueli et al. [38].

5. Results and Discussion

In this section, the simulation results are presented. The performance of the combined
cooling system is investigated by examining the inlet velocity, PCM thickness, cell spacing,
metallic foam, and inlet temperature for a four-cell LIB pack. The results are compared in
the 5C discharge process until 720 s.

5.1. Effect of Air Inlet Velocity

This section investigates the efficiency of the proposed BTMS by varying the fan speed
under a 5C discharge rate and an inlet air temperature of 24.5 °C. Based on this assumption,
the inlet velocities are presented in Table 5 in terms of Reynolds number. The flow regime
type is determined based on the Reynolds number. Figure 5a displays the behavior of
maximum temperature over time and the comparison of temperature uniformity of the
module under different air velocities. When the velocity of the inlet increases, the maximum
temperature of the discharge process gradually decreases, which is clearly evident after
the first 20 s. However, in terms of temperature difference, increasing velocity gradually
increases the battery’s temperature uniformity (Figure 5b). In the initial stages of discharge,
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the inlet air velocity has a negligible effect on reducing the temperature rise due to the
paraffin melting before this stage. Thus, the inlet velocity increases, decreasing the battery’s
temperature, and increasing the uniform temperature distribution. For inlet velocities
of 2,1, 0.5, and 0 m/s, the maximum temperatures were obtained as 308 K, 310.12 K,
313.47 K, and 323.20 K, respectively. Therefore, the average Reynolds number of 5613.6,
which corresponds to 2 m/s inlet velocity, was selected for further analysis.

Table 5. Air inlet velocity values in terms of Reynolds number.

Velocity (m/s) Reynolds
0 0
0.5 1403.4
1.5 4210.2
2 5613.6

325

—&— V=0 (m/s)
—A— V=0.5(m/s)
—@—— V=15 (m/s)
—@— V=2 (m/s)

)
(=]
1

320

—_
w
1

315

310

Maximum cells temperature (K)
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Figure 5. (a) Influence of inlet velocity on Tmax. (b) Comparison of ATmay at different inlet velocities.

5.2. The Effect of PCM Thickness

Analysis of PCM at different thicknesses was performed to determine the optimal
efficiency of the battery module. As a result, selecting the desired thickness could enhance
the battery’s thermal performance. The battery pack had a composite paraffin/aluminum
PCM with 4.49 W/mK thermal conductivity and an initial thickness of 1 mm. To better
demonstrate the thermal efficiency, the thickness of the PCM was adjusted to 1, 2, and 3 mm,
while other parameters remained unchanged. The maximum temperature and temperature
difference in the battery pack at the 5C discharge rate were compared (Figure 6). For a
thickness of 1 mm, the maximum temperature and temperature difference were 319.70 K
and 4.17 K, respectively. With an increase in thickness from 1 mm to 2 mm, the maximum
values decreased to 315.69 K and 2.86 K, respectively. Following the heat transfer theory,
increasing the thickness increases the thermal resistance. With the continued increase in
thickness, the effects on the temperature uniformity and maximum temperature decreased
to 0.2 and 308 K, respectively, from a thickness of 2 mm to 3 mm. Finally, when the
PCM completely melts, its heat transfer capacity is reduced because of its low liquid
thermal conductivity. Therefore, adopting the appropriate thickness can lead to a significant
improvement in energy efficiency and cost savings.
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Figure 6. Tpax and ATmax at different thicknesses of PCM.

5.3. Effect of Cell Distance

Temperature distributions are shown in Figure 7 for different cell spacings. It is
obvious that the temperature decreases with an increase distance. Battery module thermal
performance with a cell spacing of 21 mm is very poor, and the temperature quickly
increases. The temperature growth with a cell spacing of 25 mm is slower than with 23 mm,
indicating an improvement in the system’s thermal performance with an increase in cell
distance. Regarding temperature uniformity, as shown in Figure 8, the cell with a 21 mm
distance has the highest temperature rate and highest temperature difference at different
cell distances. The cell with a 25 mm spacing has the lowest temperature difference,
providing better temperature distribution than the other distances. The temperature
difference between these two distances decreases by 2.04 °C when the spacing increases
from 23 mm to 25 mm, which is attributed to the fast discharge rate.

Temperature (K)

Temperature (K)
320

320
I 318

[ 316

Temperature (K)

— 314
312
310
308
[ 306
. 304

b 302
300
298

(a) (b) (©)

Figure 7. Temperature distribution contour at various cell spacings: (a) 21 mm spacing, (b) 23 mm
spacing, (c) 25 mm spacing.
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Figure 8. Effect of cell spacing on Trax and ATmax.

5.4. Impact of Metal Foam

Considering paraffin’s low thermal conductivity, the thermal management efficiency
of the battery pack using paraffin and paraffin/aluminum composites under various
conditions has been evaluated. Table 3 presents the thermophysical characteristics of the
composite and paraffin. To discuss the effect of metallic foam, the average temperature
of paraffin and paraffin/aluminum composites is compared as a first step. A moderate
temperature profile of the battery pack is shown in Figure 9 under conditions that end
at 720 s under the 5C discharge rate. At the end of the discharge process, observations
indicate that the cooling achieved by the composite is less than that of paraffin. The
average temperature for paraffin and composite was 312.70 K and 307.32 K, respectively.
Regarding paraffin cooling, from 20 to 650 s, the temperature growth increases much faster
than with the paraffin/aluminum composite, reaching 312.70 K at 720 s, exceeding the
optimal operating temperature range. In addition, from 20 to 675 s, for cooling with the
composite, the temperature growth is relatively smaller than that of pure paraffin. From
675 s to 720 s, the slope of temperature increase for the composite increases compared to
paraffin. Compared to paraffin alone, the battery package temperature increases slower
when using the paraffin/aluminum composite and is observed to discharge more slowly.
The maximum battery pack temperature is 308.1 K and 313.42 K for paraffin/aluminum
composite and pure paraffin coolants, respectively.

——@—— Pure PCM
—@—— Composite PCM

312

309

306

303

Average cell temperature (K)

297 IS NEVEATE IVEVAVENS VAV IVEVEENE AVEVENEN ENAVEAVE AVENANAE A
0 80 160 240 320 400 480 560 640 720

Time (s)

Figure 9. Effect of metallic foam on the average battery temperature.
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Figure 10 shows the temperature contours of paraffin and paraffin/aluminum com-
posite, which have been cooled at the end of the discharge process. It is evident that the
temperature contour of the paraffin/aluminum composite is more uniform than that of
pure paraffin. This is because pure paraffin’s low thermal conductivity prevents the gener-
ated heat from being easily moved from the battery center to the paraffin, resulting in heat
accumulation in the battery center. In contrast, the composite’s high thermal conductivity
allows the heat produced by the battery to be transferred to the PCM and then to the
environment. Furthermore, as seen in Figures 10 and 11, the use of a paraffin/aluminum
composite provides better temperature control than pure paraffin by presenting a more
uniform distribution of liquid volume fraction. When cooling with paraffin alone, the PCM
only melts near the cell due to the paraffin’s low thermal conductivity, which means it
cannot transfer the heat generated by the cell. Conversely, due to its higher thermal conduc-
tivity, the composite paraffin melts the PCM farther from the cell. Although paraffin has a
higher heat capacity than composite paraffin, its high thermal resistance, resulting from low
thermal conductivity during the transfer process, causes its latent heat to be less effective.

Temperature (K)

Temperature (K) 313
313 312
312 311
31 310
310

1 309
[ 308
1 307
1 306
1 305

304
l 303
1 302

1 301
1 300

i
@ (b)

Figure 10. Contour plot of cooled battery pack temperature distribution by the PCM: (a) Paraffin,

309
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—1 306
1 305

304
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299
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(b) paraffin/aluminum composite.
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Figure 11. Contour plot of the melting fraction of phase change material up to 700 s: (a) Paraffin,
(b) paraffin/aluminum composite.
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5.5. Effect of Air Inlet Temperature

Different ambient temperatures are examined to obtain the cooling performance of the
proposed TMS when other simulation parameters are constant. Figure 12 shows changes
in the maximum temperature and temperature uniformity. As can be seen, an increase in
ambient temperature leads to a rise in temperature; in contrast, temperature uniformity
exhibits the opposite behavior. At ambient temperatures of 10, 15, 20, 24.5, and 30 °C, the
maximum temperature is 302.80, 303.30, 303.90, 308, and 315.7 K, respectively.
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Figure 12. Tiyax and ATmax under different inlet temperatures.

6. Conclusions

This study proposed a BTMS for a cylindrical 18,650 battery module, including an
air-cooling system and a PCM, to improve the thermal management controllability. Three
different methods were investigated to improve thermal performance, including forced-air
convection, PCM, and a combination of PCM (paraffin/aluminum composite) and air
cooling. The combined cooling performance of air and paraffin at a discharge rate of 5C
indicated that the combined strategy could effectively maintain and improve temperature
uniformity within the optimal range compared to the other methods. Factors such as the
influence of inlet air velocity, PCM thickness, cell distance, metallic foam, and cooling
ambient temperature were discussed to investigate their effects on the battery’s thermal
performance. The study’s results are summarized as follows:

e  The paraffin/aluminum composite provides better thermal performance than paraffin
alone for battery packs, since the high thermal conductivity of paraffin can transfer the
heat produced by the batteries to the PCM and surrounding environment. As a result,
the temperature distribution becomes more uniform, and the temperature decreases.

e  With an increased air temperature, the temperature increases, followed by a decrease
in the temperature difference. The proposed system can maintain the uniformity of
temperature and the temperature in the optimal range for the battery under a cooling
temperature of 10 to 24.5 °C.

e Increasing the thickness of paraffin can affect the efficiency of the BTMS. The proposed
system is a paraffin/aluminum composite with a thickness of 3 mm. Increasing
the thickness and combining aluminum foam with paraffin improves the capacity
for temperature control in the thermal management system and maintains the cell
temperature at 35 °C.

e Increasing the inlet air velocity improves temperature control, but the uniformity of
the battery pack temperature worsens. Under a discharge rate of 5C and an environ-
ment temperature of 24.5 °C, with an inlet speed of 2 m/s, the proposed system can
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maintain the temperature difference and maximum temperature at 2.04 K and 308 K,
respectively.
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Nomenclature

C: Discharge rate (C)

H: Enthalpy (kJ)

Hiep: Enthalpy at the reference point (kJ)

Ho: Sensible enthalpy (kJ)

Qgent Heat generation (W)

Qyr: Irreversible heat generation (W)

Qre: Reversible heat generation (W)

S: Heat source

k: Thermal conductivity (W/m-K)

Ka: Air thermal conductivity (W/m-K)

K: Turbulent kinetic energy (m?/s?)

Pyk: Turbulence production

Ce: Empirical parameters

Cu: Parameters of the K — ¢ turbulence model
R: Internal resistance (Q2)

a%%: Temperature coefficient of open-circuit voltage (V/K)
Uocy:  Open-circuit voltage (V)

U: Battery voltage (V)

I: Cell charge/discharge current (A)

m: Mass (kg)

my,: Battery mass (kg)

L: Characteristic length

v: Volume (m?)

Vi Battery volume (m?)

Cp: Specific heat capacity (J/kg-K)

Cob: Battery specific heat capacity (J/kg-K)
Cpa: Air specific heat capacity (J/kg-K)

T: Temperature (K)

Ta: Air temperature (K)

Ty: Melting temperature (K)

Ts: Solidus temperature (K)

Timax: Maximum temperature (K)

ATmax:  Maximum temperature difference (K)

t: Time (s)

V: Velocity (m/s)

Re: Reynolds number

Greek symbols

B: Melting fraction of phase change material
Y: Specific enthalpy of phase change material (1%)

p: Density (%)
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Pb: Battery density (%)

Pa: Air density (%)

e Viscosity (kg-m/S)

Ha: Air viscosity (kg-m/S)

wr: Turbulent viscosity coefficient

e Turbulent dissipation rate

o: Inverse effective Prandtl numbers of K and ¢
Abbreviations

BTMS: Battery thermal management system
PCM:  Phase change materials

S0C: State of charge

PPL Pores per inch

LIB: Lithium-ion battery

TMS: Thermal management system

CFD: Computational fluid dynamics

UDF: User-defined function
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