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Abstract: Given the growing demand for increased energy capacity and power density in battery
systems, ensuring thermal safety in lithium-ion batteries has become a significant challenge for the
coming decade. Effective thermal management plays a crucial role in battery design optimization.
Air-cooling temperatures in vehicles often vary from ambient due to internal ventilation, with external
air potentially overheating due to vehicle malfunctions. This article highlights the efficiency of lateral
side air cooling in battery packs, suggesting a need for further exploration beyond traditional front
side methods. In this study, we examine the impact of three different temperature levels and two
distinct air-cooling directions on the performance of an air-cooling system. Our results reveal that the
air-cooling direction has a more pronounced influence compared with the air-cooling temperature.
By employing an optimal air-cooling direction and ambient air-cooling temperature, it is possible
to achieve a temperature reduction of approximately 5 K in the battery, which otherwise requires a
10 K decrease in the air-cooling temperature to achieve a similar effect. Therefore, we propose an
empirical formula for air-cooling efficiency under various conditions, aiming to provide valuable
insights into the factors affecting air-cooling systems for industrial applications toward enhancing
the fire safety of battery energy storage systems.

Keywords: lithium-ion battery; CFD; air cooling; BTMS

1. Introduction

With the continuous improvement of energy density and power density in lithium-ion
batteries, safety concerns regarding large-scale battery packs have become prominent [1-4].
As the automotive market drives the expansion of lithium-ion production, these batteries
may also enter stationary service as well, facilitating the implementation of renewable
energy technologies such as solar and wind. Incidents of fire accidents caused by thermal
runaway in lithium-ion batteries occur frequently [5-9]. When heat dissipation is not
achieved in a timely fashion, the battery temperature will inevitably rise, affecting its
performance, shortening its service life, and potentially leading to thermal runaway and
severe safety issues. A lot of research has been conducted, forcing on developing new bat-
teries [10,11] and improving battery safety [12,13], but the cooling system is still needed for
the overall battery system. Generally, thermal runaway occurs when the heat losses to the
environment do not offset the heat generated by exothermic reactions. This accumulated
heat drives the temperature increase, which, in turn, produces an exponential growth in
the reaction rates. In the case of lithium-ion batteries, an undesirable temperature increase
can occur within the battery due to electrical or mechanical abuse or an external heating
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source. If the heat generation rate exceeds the heat dissipation rate in the environment, the
temperature will continue to rise. When reaching some critical temperatures, especially the
collapse temperature of the separator, the cell will break down [14-18]. Therefore, efficient
thermal management systems play a significant role in ensuring that batteries operate
within the appropriate temperature range [19,20]. The role of the battery thermal manage-
ment system (BTMS) is to regulate the temperature of the battery within suitable ranges
during all operating conditions, including cooling and heating insulation, to maintain its
optimal performance and state of charge. Depending on the cooling medium, the thermal
management of the battery system can be classified into several forms, including air-cooling
systems [21-24], liquid-cooling systems [25-28], phase-change material systems [29-33],
heat-pipe cooling systems [34-38], and hybrid cooling systems [39-43].

The choice of a battery cooling system depends on factors such as the type of bat-
tery, operational conditions, size and weight constraints, and cost considerations. Many
electric vehicles and energy storage systems use a combination of these cooling methods
to optimize performance and reliability. For evaluating the performance of cooling sys-
tems, temperature is the key parameter of the performance of the battery cooling methods,
which is also linked to many other performances, such as charge acceptance, energy ca-
pability, reliability, etc. Handling the charge/discharge cycle and governing the battery
heat growth are two key topics of concern in battery thermal management. Regarding
temperature, maximum temperature and temperature difference are two critical factors for
battery thermal management.

Compared with liquids, air has lower specific heat capacity as well as worse thermal
conductivity. Air-cooling systems are one of the most widely used BTMSs in EVs due
to their low cost, simple design, low weight, easy maintenance, and no leakage issues
compared with other cooling systems. There are three types: direct ambient air cooling,
passenger cabin air conditioning air cooling, and dedicated evaporator air cooling [44,45].
Direct ambient air cooling relies on the surrounding air, while passenger cabin air condi-
tioning uses the vehicle’s system. Dedicated evaporator air cooling is a separate system for
precise temperature control [46,47]. Research focuses on optimizing battery arrangement,
airflow distribution, and control strategies for the BTMS. Zhang et al. [48] discovered that
implementing a reciprocating flow in the system led to a 60% reduction in temperature
difference compared with a system with unidirectional flow. Mahamud et al. [49] con-
ducted a numerical investigation on the impact of the reciprocating flow period in an
air-cooled system. They found that a cycle of 120 s resulted in a maximum temperature
reduction of 1.5 K and a temperature difference decrease of 72% within the battery pack.
Liu et al. [50] utilized the orthogonal test method to examine the effects of inlet tempera-
ture, inlet airflow rate, and reciprocating period on a serial cooling system’s performance.
Through optimization, they achieved a temperature difference reduction of 3.76 K. Zhuang
et al. [51] focused on improving the performance of a serial cooling system by designing
the lateral and longitudinal spacings of battery cells and adding prismatic spoilers. They
then introduced periodic reciprocating flow to regulate the flow type, resulting in a sig-
nificant 76.4% reduction in the system’s power consumption. He et al. [52] regulated the
airflow type of a serial cooling system based on the position of the highest temperature.
Their research demonstrated that the system with this control strategy achieved an 84%
reduction in power consumption compared with a system without the control strategy.
Wang et al. [53] conducted experimental investigations on the cooling performance of a
single battery using reciprocating airflow. They designed a control strategy based on the
battery temperature difference to adjust the airflow type, ensuring that the temperature
difference remained within 4.9 °C. Additionally, Liu et al. [54] proposed a control strategy
for an air-cooled system that involved switching flow types among J-type flow, U-type
flow, and Z-type flow. This strategy effectively maintained the temperature difference
within 1.33 K. Furthermore, the internal battery thermal propagation behaviors have also
been recently studied by molecular dynamics (MD) approaches, which involve the reactive
forcefields (ReaxFF) approach to comprehensively study the detailed thermal degradation
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mechanisms [55-57]. These data can thereby be coupled with thermal abuse models or
pyrolysis models in computational fluid dynamics (CFD) for further analysis of thermal
runaway analysis of specific battery components based on their corresponding material
compositions [58,59].

Most research studies in the field primarily concentrate on the air-cooling configuration
when investigating battery cooling. However, it is worth noting that the fundamental
airflow scenarios can significantly impact the cooling effectiveness.

1.  In practical terms, within real-world air-cooling systems, it is frequently observed
that the air-cooling temperatures do not precisely match the ambient temperatures.
This discrepancy is particularly notable post-transition through the vehicle’s internal
ventilation mechanisms. Crucially, it is imperative to acknowledge that air entering
the cooling system from external sources may be subject to overheating, especially
under circumstances of malfunction in disparate components of the vehicle. This
phenomenon necessitates a comprehensive evaluation of the design and operational
strategies of air-cooling systems.

2. The maximum temperature of the battery pack is always found in the middle cells
of the pack; however, in traditional air-cooling directions, the middle cells of the
battery pack do not receive optimal cooling. Therefore, this paper aims to enhance the
efficiency of the air-cooling system by altering the direction of air cooling.

Hence, this study aims to enhance the understanding of thermal behavior in batteries
by employing a comprehensive electrothermal battery model. Specifically, the analysis
focuses on examining the thermal performance under varying air-cooling temperatures and
air-cooling directions through CFD techniques. The outcomes of this study are expected to
provide valuable insights for optimizing battery cooling strategies in practical applications.

2. Numerical Methods and Modelling
2.1. CFD Model

Compared with the experimental analysis, numerical simulations utilizing the CFD
approach have found extensive application across diverse research and industrial do-
mains [60-64]. CFD is mainly dedicated to fluids in motion and how fluid flow behavior
influences processes, including heat transfer and possibly chemical reactions in combust-
ing flows. Mathematical equations are applied to describe the fluid motion by physical
characterization, usually in partial differential form, called governing equations. These ap-
plications encompass performance assessment, behavioral predictions, and the substitution
of impractical tests, such as those involving fire dynamics [65-68], chemical mechanisms
and transportation of soot particles [69-73], contribution toward numerical database for
fire safety standards [74-79], etc. Therefore, understanding the fundamental thermal degra-
dation kinetics will contribute to thermal runaway analysis in the battery-CFD modelling
framework.

In essence, CFD modelling is fundamentally based on the governing equations of
fluid dynamics. These equations represent the mathematical statement of the conservation
laws of physics. Also, the CFD model stands for the basic description of the fluid flow
processes [80,81]. The appropriate numerical form of the physical boundary condition
depends on the mathematical form of the governing equations and numerical algorithm
used [82-85]. Generally, the governing equations include mass, momentum, and energy
conservation, which are expressed below:

The mass conservation equation:

pa<§t+v3) =0 (1)
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The momentum conservation equation:
3(pa
——
(g”t ) 4 V(p.88) = VP, 2)
The energy conservation equation:
0(0aCpaT, -
W + V- ((0aCpa) 8 Ta) = V-(K,VT,) (3)

These governing equations are used for computational procedures in finite difference
or finite volume methods. In these equations, p, Cpa, T, P, and K stand for the density,
specific heat, temperature, pressure, and heat conductivity coefficient, respectively. The
subscript a denotes the cooling air.

For the battery cell, the governing equations also can be applied. More specifically, the
energy equation can be written as follows:

oT
PoCpp sy = V(K VT) 44 (4)

where g represents the heat generation rate per unit volume of a single battery, and the
subscript b denotes the battery cell.

Moreover, the CFD methodology provides a numerical solution for turbulence
flow [86-89]. The shear-stress transport k-w model simulates the turbulence flow dur-
ing the battery pack cooling process. The k-w model has improved the accuracy of the
turbulence model for predicting free shear flows. The major two components, turbu-
lence kinetic energy k and the specific dissipation rate w, are calculated from the below
transport equations:

d J d ok
2ok + L (k) = = [T, 25 ) 4G = Vi + S5, + G 5
57 (k) axi(P i) ax]-<"ax]-> k= Y+ Sk + Gy (5)
d J 0 Jw
g(ﬁw) + g(Pwui) = g(rwg) 4+ Gw —Yw+ Dy +Su + Gup (6)
1

] ]

where Gy, represents the production of turbulence kinetic energy; G, represents the gen-
eration of specific dissipation rate w. I'; Y and S represent the effective diffusivity, the
dissipation, and user-defined source terms, respectively. D,, stands for the cross-diffusion
term. Moreover, G, and G, account for buoyancy terms. All the terms are calculated by
the CFD software ANSYS FLUENT 2023 R2 during the simulation process.

2.2. The Battery Cell Model and Validation

A typical battery cell unit comprises four main components, including an anode, a
cathode, a separator, and an electrolyte. The proposed battery model mainly focuses on
conducting a thermal analysis of a battery cell or battery pack during normal operation
conditions. The coupled thermal-electrochemical model is applied to simulate the produced
heat and compute the heat generation rate.

Figure 1 describes two different setups for the air-cooling systems in this study. Fig-
ure la demonstrates that the air cooled the whole battery pack from the front side of the
battery pack, while Figure 1b provides a 90° turn, in which the air touched the side faces
of the battery pack. The prismatic battery cells are connected in series surrounded by the
air domain. These two setups will be analyzed and compared under various operation
conditions. As mentioned in the previous section, a comprehensive electrothermal battery
model is applied in the current battery configuration. Figure 2 shows the temperature dis-
tribution of the battery pack during normal working conditions. The detailed temperature
distribution is simulated for each single battery cell in the whole battery pack.
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Figure 1. (a) Schematic figure of front side air-cooling direction (b) schematic figure of lateral side
air-cooling direction (Blue arrow: inlet; Red arrow: outlet).
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Figure 2. Temperature distribution without air cooling.



Fire 2024, 7, 29

6 of 18

Temperature

Contour 1
3.250e+02
3.223e+02
3.196e+02
3.169e+02
3.143e+02
3.116e+02
3.089e+02
3.062e+02
3.035¢+02 [ iF<lank (@S2t
3.008e+02 = ~
2.981e+02

(3) V=3més (4) V=4mys ) V=5mys

(@)

Temperature

Contour 1
3.250e+02
3.223e+02
3.196e+02
3.169e+02
3.143e+02
3.116e+02
3.089e+02
3.062e+02
3.0350+02 W) V=1mjs
3.008e+02
2.981e+02

K]

B)V=3mfs 4)V=4m/s G)V=5mfs

(b)

Figure 3. (a) Temperature distribution with front air-cooling direction. (b) Temperature distribution
with lateral air-cooling direction (The air-cooling speed increases from left to right).

The numerical simulation in this study was conducted using ANSYS FLUENT 2023
R2, a commercially available CFD software package renowned for its heat transfer analysis
capabilities. The sample chosen for analysis was a prismatic LiFeO4 battery cell with a
nominal capacity of 12 Ah. To simulate high discharge conditions, a discharge rate of 5C
was applied, with a total discharge duration of 660 s. Figure 3 dimensions of the single
battery cell were 90 mm (height) x 70 mm (width) x 27 mm (depth). The simulation
setup is illustrated in Figure 4. For the simulation, a battery cell consisting of 318,422 cells
was utilized. Additionally, experimental tests were conducted to validate the calculated
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heat generation rates. The average volumetric heat generation rates for the cell core,
positive terminals, and negative terminals during the 5C discharge rate were determined
as 12.70 x 10* W-m3, 26.52 x 10* W-m3, and 16.39 x 10* W-m?, respectively, and the
properties of battery component was shown in Table 1. To verify the accuracy of the battery
model and the calculated heat generation rate, temperature measurements were recorded
during experiments conducted at a constant ambient temperature of 298.15 K [90]. The
collected experimental temperature data were then compared with the numerical results,
as depicted in the accompanying Figure 5, to validate the simulation outcomes.

Figure 4. Schematic of the computational battery mesh.

Table 1. Properties of battery component.

Nomenclature Parameters Value
Specific heat of negative tab Con (kg 1K) 871
Density of negative tab on (kg m~3) 2719

Thermal conductivity of negative tab Ko (Wm™ 1K1 202.4
Specific heat of positive tab/busbar Cpp ( kg 1 K1) 381
Density of positive tab/busbar op (kg m3) 8978

Thermal conductivity of positive tab/busbar ky Wm 1K) 387.6
Specific heat of cell Cpe ( kg ' K1) 950

Density of cell pc (kg m~3) 2335

Thermal conductivity of cell kyx, ky, kz (W m- 1K) 2.6,2.6,0.9

2.3. Air-Cooling Systems

In the setup, the battery pack was surrounded by side walls, with a separation distance
of 3 mm. Furthermore, the outflow rate gradually increased to the rated value in 10 s
to better illustrate the real air-cooling system, as depicted in Figure 6. The figure also
demonstrates that the simulation captured the stable state of the outflow. And five different
air-cooling mass flow rates were given in the simulation regardless of the air-cooling
directions, that is 0.0098 kg/s, 0.0196 kg/s, 0.0294 kg/s, 0.0392 kg/s, and 0.049 kg/s.
To better understand the effect of the air-cooling direction, the scheme of two different
air-cooling systems is shown in Figures 1 and 3.
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Figure 5. Numerical model validation; the error bar is 0.5%.
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Figure 6. Mass outflow with time.

2.4. Sensitive Analysis

In order to obtain a reliable CFD solution, it is necessary to conduct a mesh indepen-
dence analysis to assess the numerical errors and uncertainties. Mesh sensitivity analysis
is a crucial step in the CFD simulation process. It involves investigating the influence
of mesh refinement or coarsening on the simulation results to ensure that the numerical
solution is both accurate and reliable [91]. In this study, the entire battery cell geometry
was constructed, and the computational domain was discretized using an unstructured
mesh, as depicted in Figure 7. Different mesh sizes were selected and compared at the
same configuration and operation conditions. The sensitivity analysis was performed
under an air-cooling system with a velocity of 0.0098 kg/s. By comparing different grid
sizes and element numbers, it was observed that the maximum volume temperature and
average temperature of the second cells reached a stable state when the grid count reached
2.09 million. In order to save the computational resources and improve the simulation
efficiency, the first stable state is selected for the rest of the numerical analysis. Therefore,
a mesh consisting of approximately 2.09 million elements was deemed appropriate for
simulating this battery pack, as shown in Figure 4. With this unstructured mesh, the
computational region was fully mapped, and the inflation layer connected the intersection
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between the battery surface and the air domain to analyze the heat transfer further. The
whole working process is demonstrated considering the temperature increases.

321 _,,,:!tj-,,Batter,yim,ax,,teniper,a,turé ,,,,,,,,,,,,,, ,,,,,,,,,,,,,, ,,,,,,
—@—-Cell, avg temperature |

Temperature(K)
w w w w w

Grid number (X 10°)

Figure 7. Mesh independence analysis.

3. Results and Discussion
3.1. Battery Pack Simulation

In this work, the single-cell battery model was validated in Section 2.2. The coupled
thermal-electrochemical model was also applied to the whole battery pack simulation. The
temperature distribution of the battery pack alone is demonstrated in Figure 2 and the
simulation of the air-cooling system added to the battery pack is shown in Figure 3. Figure 3
demonstrates two air-cooling directions under various air velocities. The temperature
distributions of both the battery pack and the air domain were simulated and described in
the Figure 1. Considering the normal operating conditions, the proposed model provided a
comprehensive analysis of the temperature distribution for both the battery pack system
and the ambient environment. The rest of the sections will investigate the other parameters
affecting the cooling performance of the battery pack.

3.2. Air-Cooling Direction Effect

To investigate the influence of air-cooling direction on the temperature distribution of
a battery pack, two distinct air-cooling directions and five different air inflow rates were
selected for analysis, as outlined in Table 2. The accompanying Figure 8 illustrates the
temperature distribution under varying air-cooling directions.

In the case of the front side direction, it is evident that the temperature distribution is
characterized by a notable disparity. The average temperature in the second battery cell
is observed to be higher compared with the remaining cells due to limited air circulation
across the intercellular gaps. Also, the temperature of Cell 3 is slightly higher than the
temperature of Cell 1. This is because the air cooled the first two cells, and the temperature
was higher than its temperature was at the inlet. On the other side, when employing
the lateral side direction, a more balanced temperature distribution is achieved, with all
cells exhibiting nearly identical average temperatures. Furthermore, in the current two
scenarios, the maximum temperature in the front side case is higher due to the cooled air
being blocked by the front surface.
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Table 2. Different working conditions.
. . . . Air-Cooling .
No. Air-cooling Direction Temperature (K) Airflow Rate (kg/s)
I-1 0.0098
-2 0.0196
I-3 Lateral 300 0.0294
1-4 0.0392
I-5 0.049
II-1 0.0098
II-2 0.0196
II-3 Front 300 0.0294
1I-4 0.0392
II-5 0.049
II1-1 0.0098
1I1-2 0.0196
1II-3 Front 288.15 0.0294
111-4 0.0392
III-5 0.049
V-1 0.0098
V-2 0.0196
V-3 Front 308.15 0.0294
V-4 0.0392
V-5 0.049
325 325
Front side Lateral side
320 _m om/s 320 _u gigss
€ ——0.0098 m/s = ——0.0098 kg/s
@ 315 —&A—0.0196 m/s E 315 —A—0.0196 kg/s
= —v—0.0294 m/s 2 —¥—0.0294 kg/s
§ 310 ——0.0392m/s g 310 —#—0.0392ke/s
g —<4—0.049 m/s qE, 0.049 kg/s
% 305 | % 305 |
§ §
300 | 300 |
295 . 1 . 1 1 1 . 295 - - - - - - - -
2100 0 100 200 300 400 500 600 700 <100 0 100 200 300 400 500 600 700
Time (s) Time (s)
(a)
330 330
328 - Front side 328 I Lateral side
326 —m—0 m/s —®—0.0098 m/s —A— 0.0196 m/s 326 _m—0m/s —®—0.0098 m/s —A—0.0196 m/s
324 - —y—0.0294 m/s —4—0.0392 m/s —<4—0.049 m/s 324 ——0.0294 m/s ——0.0392 m/s —<4—0.049 m/s
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i = 3 | 4 A —
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306f . . 6 ) :
3

Figure 8. (a) Flow rates in different directions; (b)temperature of different battery cells.

For the front side direction, the results demonstrate a linear increase in the maximum
battery temperature from an initial value of 298.15 K to 319.8496 K over a 660-s duration.
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Furthermore, the behavior of the air-cooling system becomes apparent as the rate of
temperature increase decelerates after approximately 350 s, primarily due to self-heating
effects. Subsequently, after 660 s of air cooling, the maximum temperatures recorded
in the battery are 317.55907 K, 316.7062 K, 316.00958 K, 315.3474 K, and 314.86001 K,
corresponding to air-cooling velocities of 0.0098 kg/s, 0.0196 kg /s, 0.0294 kg /s, 0.0392 kg /s,
0.049 kg/s, respectively. In comparison, the lateral side direction exhibits a slower rate of
temperature increase prior to the onset of self-heating, suggesting a more effective cooling
mechanism. As depicted in Figure 9, the maximum temperatures in the battery after
660 s of air cooling are recorded as 315.20251 K, 313.6402 K, 312.8179 K, 312.26744 K, and
311.76327 K, corresponding to air-cooling velocities of 0.0098 kg /s, 0.0196 kg /s, 0.0294 kg /s,
0.0392 kg/s, 0.049 kg/s, respectively. The temperature difference for both scenarios is
increased, while the lateral side direction performs a higher change, which means the
lateral side direction has a more direct relationship between the mass flow rate and the
cooled maximum battery temperature.

12} t=660s
—&— Lateral side

< 10| —@—Front side

e AT =4.23596+84.19633xm R?*=0.93718
2 8t 1

o

a

g 6

3

g 4

=

L]

| \

AT =1.72607 +68.94816xm R?>=0.9907

0 L 'l 'l 'l L
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Massflow rate (kg/s)

Figure 9. Relationship between max temperature difference and mass flow rate.

To further elucidate the air-cooling effect, a comprehensive analysis of the maximum
temperature difference was conducted. Figure 9 presents the maximum temperature
difference in 660 s between the absence of an air-cooling system and different air-cooling
velocities. The findings demonstrate the superior performance of the lateral side direction
in terms of air-cooling effectiveness compared with the front side direction. Consequently,
an empirical formula is provided below to capture the observed relationship:

Lateral side with R? = 0.93718:

AT = 4.23596 + 84.19633 X 11
Front side with R? = 0.9907:
AT = 1.72607 + 68.94816 x 1

where AT is the temperature difference compared with the case under natural convection.
m is the mass flow rate applied to the air-cooling system.

The reason for this different effectiveness is similar to the average temperature difference,
which is that the cooled air is blocked by the front surface. Compared with the front side, the
lateral side has a larger interface between the battery pack surface and the cooled air.

3.3. Air-Cooling Temperature Effect

To investigate the effect of air-cooling temperature, experiments were conducted using
air-cooling systems at temperatures of 288.15 K, 300 K, and 308.15 K, with an ambient
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temperature of 298.15 K. Additionally, five different air-cooling velocities were employed
for each air-cooling system. The experimental setup is summarized in Table 2.

Comparing different air-cooling directions, the temperature distribution on the front
side exhibited similarities, with the highest average temperature observed in the middle
cell, as shown in Figure 10. For an ambient temperature of 288.15 K, after 660 s of self-
heating, the maximum temperature increased to 313.84743 K, 312.02179 K, 310.53007 K,
309.16718 K, and 307.9999 K, respectively, corresponding to air-cooling mass loss rates of
0.0098 kg/s, 0.0196 kg/s, 0.0294 kg/s, 0.0392 kg/s, and 0.049 kg/s. However, the growth of
maximum temperature differed significantly. In the cases of air-cooling temperatures of
288.15 K and 300 K, the maximum temperature increased linearly without the air-cooling
system, and the increase was relatively slow at 200 s and 400 s, respectively. Conversely,
for an air-cooling temperature of 308.15 K, the maximum temperature rapidly rose to
approximately 308.15 K within the first 100 s, resembling the heating effect. Moreover, after
660 s of self-heating, the maximum temperature increased to 320.09476 K, 320.04032 K,
319.90144 K, 319.69423 K, and 319.58609 K, corresponding to air-cooling mass loss rate of
0.0098 kg /s, 0.0196 kg/s, 0.0294 kg/s, 0.0392 kg /s, and 0.049 kg /s, respectively. In contrast,
the maximum temperature without the air-cooling system was 319.8496 K.

Figure 11 illustrates the change in temperature difference with respect to the mass
loss rate under different ambient temperatures. When the ambient temperature is low, the
temperature difference is 6.00217 K at a mass flow rate of 0.0098 kg /s, while it increases to
11.8497 K at a mass flow rate of 0.049 kg/s. However, as the ambient temperature rises,
the cooling effect of the battery significantly decreases with an increase in mass flow rate.
When the ambient temperature increases to mid temperature, the temperature difference is
2.29053 K at a mass flow rate of 0.0098 kg/s, while it increases to 4.98959 K at a mass flow
rate of 0.049 kg/s. It is evident that the cooling effect is not as pronounced as in the low
ambient temperature. Moreover, when the temperature rises to a high temperature at a
mass flow rate of 0.0098 kg /s, the temperature difference becomes —0.24516 K, indicating
a situation where the cooling effect turns into a heating effect. This suggests that the air-
cooling system was ineffective when the air-cooling temperature was 308.15 K. However,
when the mass flow rate is increased to 0.049 kg/s, the temperature difference becomes
0.26351 K. Compared with the low and mid ambient temperatures, the cooling effect
significantly decreases. From Figure 10, it can be observed that the maximum temperature
of the battery is slightly lower than or slightly higher than the ambient temperature in both
the 300 K and 288.15 K conditions. Therefore, the maximum temperature of the battery has
a significant inhibitory effect. When the air-cooling temperature is higher than the ambient
temperature, the initial effect of air cooling on the battery pack is actually heating. As
the temperature of the battery pack rises to the temperature of the air-cooling system, the
air-cooling system will start to function as intended, providing cooling as the temperature
of the battery pack increases. An empirical formula is provided below to capture the
observed relationship:

When the air-cooling temperature is 288.15 K with R? = 0.99286

AT = 4.77142 + 148.46602 x m

When the air-cooling temperature is 300 K with R? = 0.9907
AT = 1.72607 + 68.94816 x m

When the air-cooling temperature is 308.15 K with R? = 0.96924
AT = —0.4228 + 13.91255 x m

where AT is the temperature difference compared with the case under natural convection.
m is the mass flow rate applied to the air-cooling system.
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Figure 10. (a) Flow rates in different directions; (b) temperature of different battery cells.
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4. Conclusions

This study provides comprehensive data on the relationship between air-cooling ef-
ficiency and various factors affecting air cooling. Compared with traditional air-cooling
system numerical simulations, this work takes into account different air-cooling tempera-
tures, which are closer to actual conditions. In addition, compared with the configuration
of traditional air-cooling systems, this paper also compares different air-cooling directions,
providing that cooling effects are better on the lateral side, offering new ideas for the future
development of air-cooling systems. The results indicate that air cooling from the lateral
side is more effective than from the front side, as evidenced by the specific temperature
distribution and maximum temperature difference. Moreover, it is crucial to note that
the air-cooling system’s performance deteriorates when the air-cooling temperature ex-
ceeds 308.15 K. Therefore, it is recommended to develop a rated air-cooling temperature to
prevent thermal runaway.

In order to better compare the efficiency of different air-cooling directions and temper-
atures, it is clear that an air-cooling system with the appropriate direction is more efficient
than one with lower temperatures. The efficiency is demonstrated in the temperature
distribution, which clearly shows an increase in temperature in the middle of the battery
pack. Compared with traditional air-cooling systems like U-shape and Z-shape under front
side air-cooling directions, the cooling system performs well using lateral side direction [54].
Therefore, battery designers should prioritize the air-cooling direction and its alignment
with the battery pack to reduce the likelihood of thermal runaway in battery packs. Bat-
tery cooling systems are crucial components in electric vehicles and other applications
where batteries are subjected to high loads, ensuring that the batteries operate within a
safe temperature range. Effective cooling is essential for maintaining the performance,
efficiency, and lifespan of the battery. The proposed methods and numerical data could be
further applied in the battery pack optimization design and may be coupled with other
methodologies, i.e., artificial neural network, to further enhance the battery thermal safety
and reduce the battery fire risks. Furthermore, the proposed modelling process can be used
for a different battery configuration, battery chemistry, and battery cooling systems.
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