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Abstract: This paper presents the simulations of the cooling system of a battery pack (BTPC) consist-
ing of lithium-ion (LIN) plate batteries. The BTPC includes six battery cells (BTCL) in two rows with
three BTCLs, which are placed in a channel with one inlet and two outlets. The laminar and steady
airflow flows in the channel. Phase-change material (PCM)-filled rectangular cubic enclosures enclose
every BTCL. Transiently adjusting the cavity aspect ratio (AR) every 6000 s is how this investigation is
conducted. For four values of AR, the values of the PCM volume percentage surrounding each BTCL
in the BTPC, and the temperature of each BTCL are calculated. The simulations are performed using
the FEM and COMSOL software. The results demonstrate that the maximum changes in temperature
of the battery (TOB) pack by changing the AR occur when the TOB pack is reduced. The maximum
temperature reduction at this time is 1.88 ◦C which occurs between AR2 and AR4 at 720 s. The
maximum temperature corresponds to AR3 and AR4 and the minimum one is related to AR1 and
AR2. From 1260 to 3500 s, the effect of AR on PCM volume fraction is maximal. The value of solid
PCM for AR1 and AR2 is higher than that for AR3 and AR4 at different times. Additionally, an
increment in the value of the AR enhances the amount of channel pressure drop by 14%.

Keywords: lithium-ion battery; forced airflow; PCM; aspect ratio; cooling

1. Introduction

The need for energy sources is felt more and more with the progress of science and
technology as well as the enhancement of industrial and non-industrial production due
to the increase in population and the emergence of new requirements [1–4]. On the other
hand, the availability of these resources and their portability, as well as the quality and form
of energy that these resources provide to consumers, are crucial [5–9]. One of these sources
of energy storage is LIN batteries, which store electrical energy [10–14], one of the highest
quality energies, and supply it to the system when necessary. However, one of the major
problems with LIN batteries is their temperature enhancement during processes of the
discharging and charging [15]. Therefore, many works have been conducted on enhancing
the heat transfer rate in these batteries [16]. Conversion, consumption, and recycling of
energy in many processes; evaporation and condensation of refrigerants used in ventilation
and cooling systems; and cooling of machines and electronic equipment include the heat
exchange process [17,18]. Improving the performance of heat transfer devices enhances
efficiency and reduces the cost of designing and fabricating these systems [19]. The need
to improve the efficiency of heat exchangers, which affects the cost, materials, and energy
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required, leads to the use of methods to increase heat transfer [20]. Therefore, different
techniques are assessed by various investigators to cool the batteries [21,22].

Xiao et al. [23] examined the thermal conductivity of a system consisting of paraffin
with a melting temperature of 60 ◦C, copper and nickel metal foams with a porosity of
97%, and a number of holes of 25.5 per inch experimentally. They observed that copper
and nickel foams enhance the effective thermal conductivity coefficient by 15 and 3 times,
respectively, while the latent heat of paraffin foam composite was about 22–30% less than
pure paraffin. In addition, they demonstrated that if the process of filling metal foam with
paraffin is done in the absence of gas and under vacuum pressure, better saturation of the
PCM (up to 7%) is obtained in the porous medium. Based on the thermal management
(TMGT) of the LIN battery, Wang et al. [24] conducted experimental research on the heat
storage capacity of paraffin and paraffin–aluminum foam composite. By maintaining the
temperature of the LIN battery within the permitted range, they discovered that paraffin
foam composite had an excellent impact on the cooling process. By using 27 thermocouples,
they evaluated the temperature distribution in different directions. Their results revealed
that adding aluminum foam to paraffin, in addition to creating temperature uniformity
in the PCM by enhancing the melting process of paraffin, reduces the heat storage time
by approximately 25% in heat fluxes of 7000 and 12,000 W/m2 compared to pure paraffin.
Li et al. [25] experimentally assessed a passive TMGT system for high-power LIN batteries
with PCM. They considered three states involving free convective heat transfer metal-foam–
paraffin composite with different porosities and densities and pure paraffin. The TOB
using the air-cooled method exceeded the safety temperature of 65 ◦C, but it was able to
maintain the temperature within the safe range by using the PCM. The metal-foam–paraffin
composite lowered the TOB to the minimum value and provided a uniform temperature
distribution for the BTPC. By comparing the porosities of 90 to 97, they found that the TOB
surface is reduced by decreasing the porosity at a constant density due to the dominant
effect of conductive heat transfer and the increment in the effective surface. In addition,
they found that the permeability and natural flow of liquid paraffin are reduced, and
the TOB surface is enhanced with the number of holes. Jilte et al. [26] numerically and
experimentally examined the impact of PCM on the TMGT of cylindrical LIN batteries by
dividing the cavity filled with PCM. Their results showed that their system could keep the
TOB below 46 ◦C. Choudhari et al. [27] evaluated the effect of PCM and various types of
blades. Their findings showed that the improved system performs better than the standard
PCM module. The modified module also enhanced convective heat transmission in the
outer shell and improved conductive heat transfer in the PCM. For the present rates of 2C
and 3C, it was discovered that the TOB decreased by 2.38% and 9.28%, respectively.

LIN batteries are one of the broadest types of rechargeable batteries employed in
industry and human daily life. Many devices, including mobile phones, laptops, tablets,
etc., utilize these types of batteries and their performance depends on these batteries [28,29].
Furthermore, the application of many industrial and military devices, such as satellites,
spacecrafts, telecommunication devices, etc., depends on this type of battery. For this
reason, numerous investigators have performed their studies in the field of this type of
battery. The innovations of the present work are the geometry of the battery pack, its
cooling system, including the use of PCM and airflow, three-dimensional analysis, and the
examination of the effect of changing AR of the PCM enclosure.

2. Problem Definition

Figure 1 illustrates a schematic of the present problem, including six LIN batteries
placed in a channel. Six batteries are placed inside a cavity filled with PCM. The heat
generated (HGT) in the battery is given to the PCM and causes it to melt. On the other
hand, the air inside the channel receives heat from the PCM and transfers the heat to
the environment. The airflow enters from the inlet at constant velocity and temperature
(293.15 K) and a fully developed uniform flow exits from the other. The no-slip boundary
condition is imposed on the walls. According to the figure, the amount of AR in the cavity
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filled with PCM changes, and its effect on the TOB is examined. There is conductive heat
transfer between the walls of the PCM and the battery, and there is convective heat transfer
on the PCM wall.

1 
 

 Figure 1. Schematic of the present problem.

3. Governing Equations

To simulate the electrochemical processes in batteries, COMSOL uses a one-dimensional
electrochemical thermal model. This paragraph explains the basic mathematical model
of the battery. The reaction kinetics and parameters are covered in great detail by Doyle
et al. [30]. The structure of LIN batteries is used to illustrate the model’s multiple com-
ponents, which include two composite electrodes on each side and a separator space in
the center. The solution phase of the composite electrode is described by the following
equations [31]:

ε
∂c
∂t

= ∇ · (D∇c)−
i2 · ∇t0

+

F
+ ajn

(
1 + t0

+

)
(1)

i2 = −k∇φ2 +
2kRT

F

(
1 +

∂ln f±
∂Inc

)(
1− t0

+

)
∇lnc (2)

ajn =
1
F
∇ · i2 (3)

The following is a description of composite electrodes from the solid phase equations [31]:

i1 = −σ∇φ1 (4)

∂cs

∂t
= Ds[

∂2cs

∂r2 +
2
r

∂cs

∂r
] (5)

The Butler–Volmer kinetic equation for both phases of the composite electrode and
the boundary conditions at the electrode’s outer radius are as follows [31]:

Ds
∂c
∂r

= −jn (6)
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jn = k(c)0.5(Ci − Cs)
0.5(Cs)

0.5
{

exp
(

F
2RT

(η −U)

)
− exp

(
−F
2RT

(η −U)

)}
(7)

η = φ1 − φ2 (8)

where the reaction rate constants for both forward and reverse processes are combined to
form k.

The forward and reverse speeds are increased in power based on the charge transport
coefficients at the electrode surface. The following is a possible form for the equation
involving k and i0:

i0 = Fk(c)0.5(ct − cs)
0.5(Cs)

0.5 (9)

3D temperature distribution inside batteries during discharging, charging, and resting
periods may be determined using the energy balance for a battery [32]:

∂

∂t

(
ρacp,bTa

)
= ∇ · (kb∇ Ta) +

.
Qgen (10)

The battery’s heat conductivity is anisotropic since it is not uniform in all directions
due to the several layers made of different materials that make up the battery. Radial
active thermal conductivity of the battery is less than axial active. The battery’s active
component’s heat conductivity may be represented as follows in both radial and axial
directions [31]:

kb,r =
∑ Li

∑
(

Li
ki

) (11)

kb,Z =
∑ (Li × ki)

∑ Li
(12)

Cp,b =
∑
(

Li × Cp,i
)

∑ Li
(13)

ρb =
∑ (Li × ρi)

∑ Li
(14)

The last component of Equation (10)’s right side, the rate of HGT by the battery, is
what primarily determines the battery’s 3D temperature distribution. The heat generated
by an electrochemical reaction and the heat generated by the battery’s internal resistance to
current flow are the two sources of HGT by the active component of the battery [33] The
heat produced by the battery’s active component may be expressed as follows [31]:

.
Qgen =

.
Qec ++

.
QJ = −T∆s

I
nF

+ I(E−V) (15)

Battery characteristics are given in Table 1 [34].

Table 1. Lithium-ion pouch cell specifications.

Cathode Material: LiFePO4

Anode Material: Graphite

Electrolyte: Carbonate based

Nominal Capacity: 20.0 Ah

Nominal Voltage: 3.3 V

The continuity, momentum, and energy equations can be written as follows [31]:

∂ρp

∂t
+∇ ·

(
ρa
→
v
)
= 0 (16)
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∂

∂t

(
ρa
→
v
)
+∇ ·

(
ρa
→
v
→
v
)
= −∇P + ρg (17)

∂

∂t
(
ρacp,aTa

)
+∇ ·

(
ρacp,a

→
v Ta

)
= ∇ · (ka∇ Ta) (18)

The three-dimensional heat conduction equation in PCM can be expressed as follows,
where cp = ce f f (T) [35]:

ρ
∂
(
cpT

)
∂t

=
∂

∂x

(
k

∂T
∂x

)
+

∂

∂y

(
k

∂T
∂y

)
+

∂

∂z

(
k

∂T
∂z

)
(19)

Equations (5) and (6) define the EHC approach. The maximum effective specific heat
owing to latent heat during melting is shown by the symbols c∗nn and cnn, respectively.
Additionally, they demonstrate that the effective heat capacity of PCM has an inverse
connection with the melting temperature range and is directly proportional to the latent
heat of melting during the phase transition process. T1n is the temperature at which the
PCM starts to melt and T2n is the temperature at which the PCM is completely melted
during the charging process [35].

ce f f (T) = c∗n,K , T1K < T < T2K ; K = n, s (20)

ce f f (T) =

{
cp,s +

cn,K−cp,s
TK−T1K

(T − T1K), T1K < T < TK;

cn,K +
cp,l−cn,K
T2K−TK

(T − TK), TK < T < T2K;
K = n, s (21)

c∗n,K =
LK

∆TK
+

cp,s + cp,l

2
; cn,K =

L′K
∆TK

+
cp,s + cp,l

2
; ∆TK = T2K − T1K; K = n, s. (22)

The charging and discharging operations are simulated using Equation (6). However,
Equation (8) is used in lieu of Equation (7). [35].

cn,K =
2LK + cp,s ∆T2K + cp,l ∆T1K

∆TK
; K = n, s (23)

As a function of the computed temperature T, the molten PCM percentage is explicitly
averaged for each time step:

f (T) =



0, T ≤ T1K

fK

(
T−T1K
∆T1K

)
, T1K < T < TK

fK + (1− fK)
(

T−T1K
∆T2K

)
, TK < T < T2K

1, T ≥ T2K

K = n, s. (24)

fK =
∆T1K
∆TK

; K = n, s. (25)

f2 = f1 +
1

Ln

( ce f f 1 + ce f f 2

2

)
(T2 − T1) (26)

The properties of PCM and air are presented in Table 2 [36].
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Table 2. Thermophysical properties of PCM and air.

Properties CaCl2.6H2O Air

Specific heat (J/kg K)
1400 (Solid)

1.012
2100 (Liquid)

Latent heat of fusion (kJ/kg) 192 -

Density (kg/m3)
1802 (Solid)

1.225
1562 (Liquid)

Thermal conductivity (W/m.k)
1.008 (Solid)

0.025
0.561 (Liquid)

Melting point (◦C) 29 -

The Reynolds number is defined for airflow:

Re =
ρvd
µ

(27)

where D represents the hydraulic diameter. In this article, Re = 438.

4. Numerical Method

The COMSOL program is used to run the current simulations. By using different
physics available in the software, different problems on a micro scale can be examined
effectively. First, the problem of the micro-cylinder set is evaluated. In the first stage, the
geometry of the problem is given to the software, and then meshing is done. By selecting
the proper physics, boundary conditions and the governing equations are finally stated
and solved. Utilizing the finite element method, equations are solved (FEM).

5. Validation and Grid Study

The meshing module of COMSOL software is used for grid generation in such a way
that triangular and structured elements are employed. Table 3 presents the characteristics
of channel meshing. To obtain a suitable grid that provides independent results, different
grid resolutions are considered. An unstructured grid is used for meshing so that the
distance between the grid points near the walls of the cavity where the changes are more
intense is finer than in other regions. It is observed that the error percentage between the
grid with 554032 nodes and the finer grid is too small. In order to replicate the issue, the
grid resolution of 554032 is used. A schematic of the grid created for the geometry under
study is shown in Figure 2.

Table 3. The outlet TOB for different grid resolutions.

Grid 367091 408092 461283 502967 554032 593482

T 298.44 298.21 297.98 297.89 297.84 297.84

To verify the calculations and ensure the correct operation of the computer code,
the outcomes of the current simulations are compared with the numerical results of
Yang et al. [37], who examined a new system for cooling the LIN battery. They employed
microchannels and PCM for cooling LIN batteries and showed that using the hybrid system
can be a suitable method for cooling batteries. The average TOB and the dynamic voltage of
the battery are calculated and compared with those reported by Yang et al. [37]. According
to Figure 3, there is a very small difference between the results. Therefore, the model used
in the software is highly accurate.
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6. Results and Discussion

Figure 4 displays the temperature contours on BTCLs for various cavity AR values.
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The front side of the battery rows is where air enters the BTPC, and it departs on
both sides. Due to the symmetry of the geometry, the amount of airflow on both sides of
the BTPC is equal. The first row on the air side, which contains three BTCLs, has a lower
temperature than the other row of batteries. The airflow over the whole channel ensures
that there is little temperature variation between the BTCLs. The airflow causes a portion
of each BTCL to have a lower temperature than the other portions. The batteries in the rear
row that are closest to the outlet are cooler than the center battery. Especially for smaller
values of cavity AR, where the effect of airflow on the TOB cells is greater, the middle battery
of the back row has a much higher temperature than the other batteries. An increment in
the AR and using more PCM around the batteries lead to the TOB pack becoming more
uniform. Additionally, the temperature uniformity in each BTCL is increased.

The isothermal planes in the airflow are shown in Figure 5 for various values of cavity
AR. The isothermal planes depend on the airflow. It can be seen that the isothermal planes are
perpendicular to the inlet by entering the air from the inlet. These isothermal planes move
toward the outlets, TOBs are lowered by the airflow from the intake, and penetration of the
airflow in the center of the batteries, while the temperature of the air around the batteries is
raised. Therefore, isothermal planes are created due to temperature gradients in the BTPC.
Changes in the AR affect the shape and number of isothermal planes, especially in the back
row of batteries and on the outlet side. Due to the airflow between the BTCLs, the isothermal
planes move between the BTCLs, and their density becomes high in these regions.
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Figure 6 shows the air velocity contours on cross-sections of BTPC for different values
of cavity AR. The velocity contours are very similar for different values of cavity AR. The
velocity changes in the BTPC are due to the changes in the volume of the PCM cavity by
changing the AR. At the inlet, the air velocity is constant, but it is lower on the walls due to
the collision between the air and the walls of the cavity and the formation of a boundary layer
on the walls. As the air passes through the middle of the BTCLs and their PCM cavities, the
air velocity is increased in some parts of the BTPC due to the decrease in space for the passage
of the airflow. The maximum velocity occurs in front of the front battery row in the BTPC,
and the minimum air velocity is in the rear battery row. The maximum velocity in the BTPC
is improved by enhancing the AR and the PCM cavity’s thickness. As can be observed, the
AR4’s air velocity is much greater than the AR1’s in the center of the BTPC.

For various values of cavity AR, Figure 7 shows the temperature contours on the PCM
cavity as well as velocity and the air streamlines. Temporal changes and variations in the
AR affect the temperature and volume fraction of the PCM inside the cavity. It can be seen
that the cold airflow collides with the front row of batteries and is directed toward the
outlets. Most of the air is directed towards the outlets, and a smaller part of the air goes
towards the middle of the BTCLs and then is directed towards the outlets from the back
of the rear row. The air exiting from the back of the BTPC has a higher temperature than
that exiting from the front of the battery rows. It can be seen that the BTPCs placed in the
front row have more solid PCM than the rear ones. The initial collision of air with these
cavities causes the phase change from solid to liquid in the front row to be slower and the
phase change from liquid to solid to occur faster. At 600 s, most parts of the PCM are in the
liquid phase. At 1000 s, the PCM is completely melted for almost all ARs, and at 2000 s, a
significant amount of PCM is converted to the solid phase. The changes in the PCM phase
are due to the airflow in the middle of the batteries and also the HGT in the batteries.
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Figure 8 shows the TOBs for different values of cavity AR up to 6000 s. The temperature
changes on the BTCLs are similar. It can be seen that two temperature enhancements occur
in the BTCLs in the first two periods of time. Moreover, a sharp increment occurs in the
TOB cells, which causes their temperature to exceed 330 K. After these two temperature
enhancements in less than 1000 s, the TOBs have a downward trend. After 1000 s, the
temperature of batteries has a decreasing trend according to the ARs used. At first, the
reduction of the temperature in the BTCLs is faster. With time, this reduction becomes
slower until 6000 s, when the temperature reduction in the batteries is reduced and remains
almost constant. At first, due to the high HGT in the batteries, the PCM around them melts
in a short time. The TOBs are increased because the air cannot cool the batteries well at
this time. After this time, due to the presence of forced air flow next to the batteries and
PCM, the TOBs are reduced over time, and at the same time, the PCM phase is changed
from liquid to solid until all PCM is converted to solid phase. After this time, the airflow
reduces the TOBs again to reach a constant value. Among the different ARs, AR3 has the
maximum temperature at different times, especially for times past 1000 s. following AR3,
AR4 has the maximum temperature at different times. Two aspect ratios of AR1 and AR2
have a very close temperature.



Batteries 2023, 9, 60 11 of 18
Batteries 2023, 9, x FOR PEER REVIEW 13 of 21 

600 s 1000 s 

2000 s 
(a) AR1

Batteries 2023, 9, x FOR PEER REVIEW 14 of 21 

600 s 1000 s 

2000 s 
(b) AR2

600 s 1000 s 

Figure 7. Cont.



Batteries 2023, 9, 60 12 of 18

Batteries 2023, 9, x FOR PEER REVIEW 14 of 21 

2000 s 

(b) AR2

600 s 1000 s 

2000 s 
(c) AR3

Batteries 2023, 9, x FOR PEER REVIEW 15 of 21 

600 s 1000 s 

2000 s 
(d) AR4

Figure 7. Temperature contours (in Kelvin) on the PCM cavity and air streamlines and velocity (in 
m/s) for different values of cavity AR. 

Figure 8 shows the TOBs for different values of cavity AR up to 6000 s. The 
temperature changes on the BTCLs are similar. It can be seen that two temperature 
enhancements occur in the BTCLs in the first two periods of time. Moreover, a sharp 
increment occurs in the TOB cells, which causes their temperature to exceed 330 K. After 
these two temperature enhancements in less than 1000 s, the TOBs have a downward 
trend. After 1000 s, the temperature of batteries has a decreasing trend according to the 
ARs used. At first, the reduction of the temperature in the BTCLs is faster. With time, this 
reduction becomes slower until 6000 s, when the temperature reduction in the batteries is 
reduced and remains almost constant. At first, due to the high HGT in the batteries, the 
PCM around them melts in a short time. The TOBs are increased because the air cannot 
cool the batteries well at this time. After this time, due to the presence of forced air flow 
next to the batteries and PCM, the TOBs are reduced over time, and at the same time, the 
PCM phase is changed from liquid to solid until all PCM is converted to solid phase. After 
this time, the airflow reduces the TOBs again to reach a constant value. Among the 
different ARs, AR3 has the maximum temperature at different times, especially for times 

Figure 7. Temperature contours (in Kelvin) on the PCM cavity and air streamlines and velocity (in
m/s) for different values of cavity AR.



Batteries 2023, 9, 60 13 of 18

Batteries 2023, 9, x FOR PEER REVIEW 16 of 21 
 

past 1000 s. following AR3, AR4 has the maximum temperature at different times. Two 
aspect ratios of AR1 and AR2 have a very close temperature. 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 8. TOBs for different values of cavity AR up to 6000 s. 

Figure 9 shows the TOB pack for different values of cavity AR up to 6000 s. Due to 
the low air velocity at the inlet, it takes time for the air to circulate well around the 
batteries. At this time, the PCM melts at a high rate due to the HGT in the batteries. Thus, 
the TOBs are enhanced too much. The TOB pack is intensified for about 1000 s during two 
time periods and reaches more than 330 K. In this case, the effect of different ARs on TOB 
is too low. When the TOB pack reaches its maximum value, which is slightly larger for the 
aspect ratios of AR3 and AR4 compared to the other two aspect ratios, the TOB pack is 
reduced slightly. At first, the TOB pack is diminished with a sharp slope and then with a 
slow slope with time. As the TOB pack approaches 300 K, the temperature changes in the 
BTPC are decreased. The temperature changes of the BTPC are also small by changing the 
AR. The maximum changes are seen when the TOB pack is reduced with the AR. At this 
time, the maximum temperature occurs for AR3 and AR4. The other two aspect ratios are 
at a lower temperature than AR3 and AR4. At times of more than 5000 s, the temperature 
is close to each other for all ARs. 

 
Figure 9. TOB pack for different values of cavity AR up to 6000 s. 

Figure 8. TOBs for different values of cavity AR up to 6000 s. (a) cell 1 (b) cell 2 (c) cell 3 (d) cell 4
(e) cell 5 (f) cell 6.

Figure 9 shows the TOB pack for different values of cavity AR up to 6000 s. Due to the
low air velocity at the inlet, it takes time for the air to circulate well around the batteries. At
this time, the PCM melts at a high rate due to the HGT in the batteries. Thus, the TOBs are
enhanced too much. The TOB pack is intensified for about 1000 s during two time periods
and reaches more than 330 K. In this case, the effect of different ARs on TOB is too low.
When the TOB pack reaches its maximum value, which is slightly larger for the aspect
ratios of AR3 and AR4 compared to the other two aspect ratios, the TOB pack is reduced
slightly. At first, the TOB pack is diminished with a sharp slope and then with a slow slope
with time. As the TOB pack approaches 300 K, the temperature changes in the BTPC are
decreased. The temperature changes of the BTPC are also small by changing the AR. The
maximum changes are seen when the TOB pack is reduced with the AR. At this time, the
maximum temperature occurs for AR3 and AR4. The other two aspect ratios are at a lower
temperature than AR3 and AR4. At times of more than 5000 s, the temperature is close to
each other for all ARs.
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Figure 10 shows the volume fraction of molten PCM around BTCLs for various values
of cavity AR up to 6000 s. The changes in PCM liquid and solid values at different times
on different BTCLs are similar. At a time of fewer than 1000 s, all the PCM around the
batteries is melted in a short time due to generation of heat in batteries. The PCM rest
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melted around the batteries for about 500 s. After this time, the PCM freezing process starts
and the amount of solid PCM around the batteries is enhanced until about 3000 s when all
the PCM around the batteries is solid due to the collison of cold air with the batteries. Due
to the existence of the airflow at the beginning of the solution and the lack of airflow next
to some batteries, the TOB in the battery is increased and all the PCM becomes liquid in a
short time. However, due to the steady airflow near the batteries, the PCM is converted to
the solid phase. Changing the AR in times less than 1000 s has little effect on the PCM phase
change. After this time, its effect on the phase change time and the amount of phase change
in some BTCLs is enhanced. The maximum impact of AR on the PCM phase change time
occurs for batteries 1 and 3, and then battery 2. The minimum impact occurs on batteries 4,
5, and 6. In batteries 1 and 3, the PCM freezing process starts from the AR1 and then AR2
models. The last aspect ratio model where the PCM freezing process starts is AR4. When
AR4 is employed, the PCM complete phase change from liquid to solid takes more than
3000 s, which is longer than other BTCLs. In batteries 4 to 6, the change in AR does not
have much effect on the phase change time, and all PCM becomes solid in less than 3000 s.
The location of the BTCLs in the pack and the direction of the airflow between them play a
critical role in the PCM phase change time.
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Figure 11 demonstrates the volume fraction of molten PCM around the BTPC for
different values of cavity AR up to 6000 s. The changes in the amount of molten PCM in the
BTPC are completely different. From time 620 s to 680 s, all the PCM is converted from the
solid phase to the liquid phase. At this time, a high amount of heat reaches the PCM due to
the high HGT in the batteries, leading to a phase change in the PCM. The lack of proper
airflow next to the batteries causes the PCM to melt a little over time. However, after 1260 s,
the PCM freezing process starts and PCM is converted to solid phase rapidly. By creating
a steady airflow next to the PCM and taking heat from the PCM and batteries, the PCM
is converted to the solid phase. As a result, in a time of less than 3500 s, all the PCM is
returned to a solid phase for different ARs. After that time, the melting process does not
occur due to the decrease in the TOBs. The quantity of molten PCM varies depending on
the AR at various intervals between 1260 and 3500 s. The value of solid PCM for AR1 and
AR2 is higher than that for the other two aspect ratios at different times.
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Table 4 presents the pressure drop for different values of AR. Additionally, the use of
air, which has a low viscosity and density, results in a low amount of pressure drop in the
system. Furthermore, the presence of two outlets reduces the pressure drop in the channel.
It is clear that increasing the AR increases the pressure drop in channel. As the AR is
enhanced, more space of the channel is occupied by the battery, leading to an enhancement
in the amount of pressure drop.

Table 4. The pressure drop for different values of AR.

AR 1 2 3 4

Pressure drop (mPa) 1.28 1.32 1.35 1.46

7. Conclusions

This paper presents the simulations of the cooling system of a BTPC consisting of six
LIN plate batteries. The BTPC is placed in a channel with one inlet and two outlets. The
PCM is placed in cubic enclosures around the batteries. This study is done for four different
values of channel AR. The transient study is carried out by examining the temperature of
BTCLs, amount of molten PCM and the TOB pack, and the average molten PCM in the
BTPC over 6000 s. The following results are obtained:

1-An increment in the AR leads to more uniformity in the TOB pack and the tempera-
ture of each BTCL.

2-The battery channels placed in the front row always have more solid PCM than the
ones located at the rear. The temperature of these cells is also a little less than that of the
rear ones.

3-In the time from 1260 to 3500 s, the amount of solid PCM for AR1 and AR2 is higher
than that for the other two aspect ratios at different times.

4-The maximum impact of AR on the PCM phase change time occurs for batteries 1
and 3, and then battery 2. The minimum impact occurs on batteries 4, 5, and 6. In batteries
1 and 3, the PCM freezing process starts from the AR1 and then AR2 models.

5-The temperature variations of the BTPC with the change of the AR are small. The
maximum changes are related to the time of decreasing the TOB pack with the change of
the AR. At this time, the maximum temperature occurs for AR3 and AR4, and both AR1
and AR2 are at lower temperatures (near 0.2 degrees at 6000 s).

6-Changing the aspect ratio of AR1 to AR4 causes the amount of pressure drop in the
channel to enhance by 14%.
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Nomenclature

CP Specific heat [J/(kg.K)] PCM Phase change material

cs
Concentration of lithium ions in the
solid (mol/dm3)

PVOF PCM volume fraction

c Salt concentration(mol/dm3) TMGT Thermal management of battery

Ds
Lithium diffusion coefficient in the solid
electrode (cm2/s)

TOB Temperature of the battery

E Specific energy (Wh/kg) Greek symbols
F Faraday constant (96,485 C/mol) λ PCM of VOF
g Gravitational acceleration [m/s2] α Thermal diffusivity

[
m2/s

]
h Enthalpy [kJ/kg] ε Volume fraction
I Current (A) µ Dynamic viscosity [w/(m.K)]
k Thermal conductivity [W/(m.K)] ρ Density

[
Kg/m3]

p Pressure [Pa] φ Electrical potential (V)
R Electrical resistivity (Ω) η Electrode potential (V)

T Temperature [K] σ
Solid matrix electronic conductivity
(S cm−1)

t Time (s) Subscripts
UOcp Chemical reaction heat eff Effective

u,v
Velocity components in x and y
directions [m/s]

f Fluid

x,y Cartesian coordinates, [m] l Liquid
V Operating voltage of the battery (V) s Solid
U Open circuit voltage (V) + Positive electrode
Abbreviations 1 Solid phase of the electrode
AR Aspect ratio 2 Solution phase of the electrode
BTCL Battery cells i Layer in lithium ion battery
BTPC Battery pack J Joule heat
FEM finite element method
LIN Lithium-ion
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