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Abstract: The battery thermal management system plays an important role in
controlling temperature to ensure safe and stable battery operation. In this
study, a traditional Z-flow airflow pattern was applied to a 4 x 6 lithium-ion
battery module consisting of cylindrical 18650 cells. The effect of varying the
cooling air inlet angle was investigated using computational fluid dynamics
simulations to evaluate thermal performance. The results show that changing
the inlet angle to 120° provides the most uniform cooling, with the maximum
temperature and maximum temperature difference reduced by 5.03 K and 5.09
K, respectively, compared to the original Z-flow model. However, airflow
distribution remained insufficient in regions farther from the inlet. To
overcome this limitation, an improved design incorporating flow-control
baffles and a redesigned outlet configuration was proposed. The optimized
model further reduced the maximum module temperature to 308.50 K and the
maximum temperature difference to 2.97 K. Although the pressure drop
increased from 20.71 Pa to 31.65 Pa, the enhanced airflow circulation
significantly improved temperature uniformity and cooling effectiveness.
These results are based on CFD simulations under the specified operating
conditions and are therefore limited to the investigated battery module
configuration and airflow conditions. Future experimental validation is
recommended to verify the practical applicability of the proposed design.
Key words: Battery Thermal Management, Inlet Air Angle, Cooling Air,
Module Baffle, Computational Fluid Dynamics

1. Introduction

Global climate change has intensified due to greenhouse gas emissions from fossil-fuel-based
industries and transportation. [1]. Conventional internal combustion engine vehicles rely heavily on
petroleum-derived fuels, contributing substantially to energy consumption and carbon emissions [2].
These fossil fuels are non-renewable resources; therefore, alternative energy sources are needed to
maintain stable production and transportation activities [3]. Among the stable and abundant energy
sources, electricity stands out, with diverse production methods from wind, geothermal, and solar power
[4]. Furthermore, the development of efficient, inexpensive, compact, and reliable battery technologies
has promoted the adoption of electric vehicles [5].
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Nomenclature

Q Heat generation rate [W.m] AP Pressure drop [Pa]

U Operating voltage [V]

Uc Open-circuit voltage [V] Greek symbols

Vs Battery volume [ m®] u Dynamic viscosity of air [Pa.s]

I Operating current [A] o Cooling air inlet angle [°]

R Internal resistance [ Q] p Air density [kg.m®]
Temperature [K]

k Thermal conductivity [ W.m™.k?] Subscripts/superscripts

Re Reynolds number [-] max Maximum battery temperature [K]

a Inlet velocity [m.s™] min Minimum battery temperature [K]

u,v,w Velocity components in x, y, z  diff Maximum temperature difference [K]
directions [m.s?]

p Reynolds-averaged pressure [Pa] Acronyms

Dn Hydraulic diameter of the inlet  LIB Lithium-lon Battery
section [m] BTMS  Battery Thermal Management System

A Cross-sectional area of the inlet air  CFD Computational Fluid Dynamics
stream [m?] PCM Phase Change Material

Lithium-ion batteries (LIBs) are currently considered the most suitable energy storage technology
for electric vehicles due to their high energy density [6], long cycle life [6], and low self-discharge rate
[7]. However, lithium-ion batteries are highly sensitive to temperature, and their performance [8],
lifespan [9], and safety [10] can be significantly affected when the operating temperature falls outside
the recommended range. Therefore, a battery thermal management system (BTMS) is essential for
maintaining battery temperatures within the recommended operating range of 25°C—40°C [11]. In
addition, the temperature difference among cells should be kept below 5°C [12] to ensure stable and
reliable operation [13].

Many cooling methods for batteries have been proposed and studied, but they can generally be
divided into three main types: air cooling [14,15], liquid cooling [16,17], and phase-change material
cooling [18,19]. Among these, air cooling systems are the most widely adopted due to their simple
structure, lightweight design, small footprint, low maintenance and repair costs [20]. However, the
drawback of air-cooling systems is the difficulty in achieving rapid cooling and poor uniformity due to
the low density of air [21]. Therefore, designing a battery temperature management model based on a
cooling gas that achieves high cooling efficiency and maintains a stable temperature difference is a very
important topic.

Air cooling methods can be further divided into natural convection (passive) [22] and forced
convection (active) [23]. Compared to natural convection, forced convection offers superior heat
transfer performance, and thus has been extensively investigated [24]. Parameters for evaluating the
performance of a battery thermal management system include the maximum temperature, the maximum
temperature difference within the battery module, and the voltage drop in the system [25]. Zhang et al.
[26] evaluated the cooling performance of the system based on changes in the number, size, and position
of ventilation openings on a cubic battery module. The best results were achieved with the design where
the inlet vent was located at the top and the four outlet vents were at the lower right corners of the four



sides, with maximum temperatures decreasing by 7.17°C (16.4%) and 3.21°C (48.7%), respectively,
compared to the original model. Zhang et al. [27] used numerical simulation software to compare the
cooling efficiency between two cooling models, Z-shaped and U-shaped, showing that the Z-shaped
BTMS flow pattern resulted in a reduction of average and maximum temperatures of 0.8°C and 2.4°C,
respectively. Zhang et al. [28] examined the effect of channel width and air ducts on the heat dissipation
performance of BTMS using U-shaped, Z-shaped, and I-shaped air cooling. Comparing the cooling
shapes, the U-shaped battery module structure was optimized for higher cooling performance and
thermal uniformity. Pan et al. [29] improved thermal uniformity in the battery module of the Z-shaped
air-cooling model by installing an additional fan at the bottom of the model. The average temperature
difference decreased to 1.4°C due to improved airflow uniformity. The report also indicated that
increasing the fan radius or placing the air outlet above and opposite the fan improved convective airflow.
Nguyen et al. [30] introduced baffles to guide airflow in opposite directions, significantly enhancing
heat dissipation. Compared with the non-baffle model, this design achieved the largest temperature
reduction, with decreases of 29°C in maximum temperature and 36.8°C in temperature difference.
However, this design resulted in a 10-12% increase in pressure loss and fan power consumption.

Previous studies have demonstrated that the inlet and outlet configurations significantly influence
the thermal performance of air-cooled battery thermal management systems. However, most existing
studies have focused on conventional airflow arrangements, such as Z, U, and I-shaped configurations,
in which the inlet airflow is typically aligned either parallel or perpendicular to the battery module.
Therefore, this study investigates the influence of inlet air angles ranging from 90° to 180° on the thermal
performance of a 4 x 6 lithium-ion battery module. The cooling performance is evaluated in terms of
maximum temperature, maximum temperature difference, and pressure drop. Based on the optimal inlet-
angle configuration, an improved design incorporating flow-control baffles and a modified outlet
arrangement is proposed to further enhance airflow distribution and thermal uniformity within the
battery module.

2. Single-cell model

This study was conducted based on the Panasonic 18650 lithium-ion battery, and its fundamental
parameters are summarized in Tab. 1. Due to the complex internal structure and material composition
of the battery, certain simplifications were applied to facilitate the numerical simulation. Specifically,
in the ANSYS environment, each battery cell was modeled as a solid cylindrical body with uniform
dimensions of 18 mm in diameter and 65 mm in height. In addition, during the simulation process, the
lithium-ion battery (LIB) cells were assumed to act as heat sources with constant and uniformly
distributed heat generation. The heat generation rate was calculated according to Eq. (1) [15].
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Where: Q is the heat generated by the battery, W/m3; U is the operating voltage, V; Uc is the open-
circuit voltage, V; Vs is the battery volume, m3; I and R are the current, A; and the equivalent resistance,
Q, respectively; (0Uc)/0T is the temperature coefficient.

Based on the heat generation model presented in Eq. (1), the volumetric heat generation rates of
the battery cell were calculated for different discharge conditions. For the Panasonic 18650 lithium-ion



Table 1. Lithium — ion battery specifications [33]

Diameter | Length | Capacity yooltc?fg M\?g(ll[:]%m l\/\l/lglltr;uem Anode Cathode Electrolyte
(mm) (mm) | (mA.h) (V)g (V)g (V)g material material
NCA LiPFs-based
18 65 3000 3.7 4.2 2.8 Graphite (LiNiCoAIO:) organic
electrolyte

cell with a nominal capacity of 3000 mAh,
discharge rates of 1C, 2C, and 3C correspond to
discharge currents of 3 A, 6 A, and 9 A,
respectively. In the calculations, the internal
resistance was assumed to be 10 mQ and the
temperature coefficient was taken as 0.5 mV/K.
The resulting heat generation rates at an ambient
temperature of 25°C are summarized in Tab. 2.

These heat generation rates were
subsequently used as heat source inputs in the
CFD simulations. A single battery cell was
modeled in ANSYS Fluent and subjected to
discharge conditions of 1C, 2C, and 3C. The
simulations were performed at an ambient
temperature of 25°C with a natural convective
heat transfer coefficient of 5 W.m™K! applied to
the cell surface [34]. Transient simulations were
conducted over discharge periods of 3600 s,
1800 s, and 1200 s for the 1C, 2C, and 3C cases,
respectively. The temperature curves shown in
Fig. 1 represent numerical predictions obtained
from these CFD simulations.

At the same discharge time, Fig. 1
indicates that the cell temperature increases as

Table 2. The battery heat generation
corresponding to different discharge rates

. . Heat
Dr:tfeh?cr:ge cg:z(rﬂzgi\) generation rate
(W-m™?)
1C 3000 5,316
2C 6000 21,266
3C 9000 48,750
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Figure 1. Heat dissipation curve of a single
battery cell at different discharge rates

the battery discharge rate increases. For all discharge conditions, the cell temperature rises rapidly during
the initial stage and then gradually stabilizes as thermal equilibrium is approached. Experimental data
for a single-cell battery at 1C, 2C, and 3C discharge rates reported by Gao et al. [33] were used to
validate the simulation results. The maximum deviation between simulation and experimental results
was 1.89 K at 3C and t=500 s. This deviation is mainly attributed to the assumption of a constant internal
resistance, which does not fully represent the variation of heat generation during discharge. Despite this
simplification, the simulation results show good agreement with the experimental data, particularly at
the end of discharge. Therefore, the proposed model provides sufficient accuracy for the thermal analysis

conducted in this study.




3. Model and Simulation Method

3.1. Model Design

An air-cooled battery module consists of
24 cylindrical LIB 18650 with detailed
specifications listed in Tab. 3, arranged with a
spacing of 1mm. It is enclosed in a rectangular
box with dimensions of 180 x 100 x 80 mm. The
air inlet is located at the top of the battery box,
while the air outlet is located at the bottom of

the box on opposite sides, forming a Z - shaped
airflow configuration. The distance from the top
of the cell to the top surface of the box is 15 mm,
as shown in Fig. 2.

3.2. Fluid Control Equations

In this study, the BTMS battery thermal
management system used is an air-cooled |

_. 10mm
....... u
70mm
Outlet
= B 1
_—— $19mm
200000
000000 . .

system.
The airflow regime was characterized
using the Reynolds number, defined as [14]:
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Figure 2. Air-cooled battery pack model

(2)

Where p is the air density, kg.m™; a is the inlet velocity, m/s; Dy is the hydraulic diameter of the
inlet section, m; and p is the dynamic viscosity of air, Pa.s.

The analysis of the flow and temperature fields was conducted based on the governing equations
of the Computational Fluid Dynamics (CFD) model, including the continuity, momentum, and energy

equations [31].
a, Continuity equation:

ou  ov  ow _
xta T, =0 3)
b, Momentum equations
ou N ou ou op N 0’u 0*u 0%u A
plu dx ”ay Yz dx 'u(c')x2 dy?  0z? “)
ov N ov v dp 0%v 0%v 09%v .
P vy T Wa, = oy TG T Y o) ©)
6W+ ow ow 6p+ o’w  0*w 0w 6
P Ty T T T TG Y e T o ©)
¢, Energy equation:
or T, or, or_ 0T 0T 9T ,
popluge tva two, = kGt 52t 52 (7



Where the Reynolds-averaged velocity components are represented by u, v, and w, m/s; while p
denotes the Reynolds-averaged pressure, Pa; The variable T indicates the air temperature, K; and k
correspond to the thermal conductivity of air, W.m*.k™.

3.3. Boundary Conditions

Table 3. Material properties considered in the simulation

Densit Specific heat Thermal Dynamic viscosity
Material (K mys)p capacity ¢ conductivity k u
g (J.kg kD) (W.mLk?) (Pa.s)
Battery 2500 1200 4 -
Cooling air 1.204 1005 0.0267 1.5x10°

The CFD method was employed in this
study to determine the maximum temperature
and the maximum temperature difference in the
BTMS. The turbulent flow model was applied
because the Reynolds number corresponding to
the inlet air velocity of 4 m/s in this BTMS was
calculated using Eq. (2) to be approximately
4650, which exceeds the critical value of 3000.
Therefore, the turbulent flow characteristics
were predicted using the standard k—¢
turbulence model [26]. In order to accurately
capture the velocity and temperature gradients
near the solid surfaces, particularly around the
battery cells, inflation layers were applied onall ~ Figure 3. The grid structure of the BTMS model
wall boundaries. The near-wall mesh was 32232
designed based on the dimensionless wall _
distance parameter y+, with values maintained
close to 1, therefore, the Enhanced Wall
Treatment was employed. The inlet air s
temperature was set at 298 K, corresponding to 2 | s
ambient conditions, and the pressure was ™" T s roveess 1smeers 21ess
assumed to be atmospheric, and the Number of grid
thermophysical properties of air are listed in
Tab. 3 [26, 32].

The governing equations were solved using a pressure-based solver with the SIMPLE pressure—
velocity coupling algorithm. Pressure was discretized using the second-order scheme, while the
momentum and energy equations were discretized using the second-order upwind scheme. Transient
simulations were performed using a time step of 5 s with a maximum of 500 iterations per time step.
Convergence was achieved when the residuals of continuity, momentum, k, and &€ were below 10~ and
the energy residual was below 10°°.
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Figure 4. Results of grid independence test



The discharge process with a discharge rate of 3C is selected to evaluate the cooling efficiency at
different inlet air angle regimes. The conditions at the module wall are assumed to be non-slip and
adiabatic, with heat transfer dominated by the internal cooling airflow, heat transfer between the module
walls and the environment is considered negligible since the module is typically installed within an
enclosed battery pack.

Furthermore, the effects of thermal radiation are not considered in this study. All of the above
assumptions are made to simplify the complex heat transfer process of battery system, the study focuses
only on simulating and evaluating the efficiency of the proposed cooling structures.

3.4. Mesh Independence Evaluation

A mesh independence study was conducted to ensure that the simulation accuracy was not
affected by mesh density. Mesh simulations were generated using Ansys Mesh software, as shown in
Fig. 3. Five mesh values, from coarsest to finest, were evaluated. The values for the maximum
temperature and maximum temperature difference of the battery module are shown in Fig. 4.

With the mesh elements increasing from 434,667 to 2,216,654, both the maximum temperature
(Tmax) and the maximum temperature difference (Tqirr) of the battery module increased from 321.85 K
to 322.13 K and from 14.2 K to 14.94 K, respectively. It was observed that at grid size of 773,305
elements, the difference in maximum temperature and maximum temperature difference compared to
the finest grid was the smallest, only 0.07 K and 0.12 K, respectively. Therefore, in the entire subsequent
model, grid size 2 was chosen to ensure accuracy and save computation time.

4, Results and Discussion

4.1. Effect of Changing Inlet Angle
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Figure 5. Temperature distribution of the battery module at different inlet angles
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The inlet angle o is measured between the inlet airflow direction and the vertical axis of the battery
module, as illustrated in Fig. 2. The change in the inlet angle (o) was evaluated based on the heat
dissipation efficiency from the maximum temperature and the best temperature difference of the module.
In addition, the characteristics of the cooling airflow, including velocity and direction, were also
considered to provide a model with optimal cooling efficiency. The changes in the inlet angle were
designed from 90° to 180° with a difference of 15°.

vector-1 vector-1
Velocity Magnitude Velocity Magnitude
8.40

7.56
672
5.88

- 5.04

- 420
3.36
252
168

& 084 _

0.00 =S ; . 000

[mis] [mis]

vector-1 (9 0 O) vector-1 ( 1 2 0 °)

Velocity ;ﬂ;gnimde Velocity Magnitude

6.98
6.20
5.43
4.65
3.88
3.10
2.33
1.55
0.78

7.56
6.72
5.88
5.04
4.20
3.36
252
1.68

7.29
6.48
5.67
4.86
4.05
3.24
2.43
1.62
0.81

0.00 £
[mis] [mis]

(150°) (180°)
Figure 6. Air surface cross-section of the module at different inlet angles



Figure 5 illustrates the temperature distribution of the battery module for inlet angles ranging
from 90° to 105°. At these relatively small angles, a non-uniform cooling pattern is observed. Cells
located near the inlet experience insufficient cooling, whereas those closer to the outlet exhibit improved
thermal performance. This behavior can be explained by the airflow pattern shown in Fig. 6. At low
inlet angles (90°-105°), the airflow mainly passes through the upper region of the module, resulting in
insufficient cooling of the first cell columns and non-uniform temperature distribution. At larger inlet
angles (135°-180°), the first cell columns receive more cooling air, but airflow blockage reduces cooling
effectiveness in the central region of the module.

In contrast, the model with inlet angle of 120°, as shown in Fig. 5, shows that the appropriate inlet
angle helps the entire module receive uniform cooling efficiency. The airflow path in Fig. 6 clarifies the
results from Fig. 5. The cooling airflow is redirected by the steep inlet angle, then evenly fragmented by
individual cell columns, allowing it to easily move deeper into the module. The temperature difference
has thus improved.

Based on the temperature distribution shown in Fig. 5 and the airflow path illustrated in Fig. 6,
the optimal inlet angle for the proposed module is determined as 120°, overcoming all disadvantages of
temperature differences in the first and last cells in the case of low inlet angle of 90° or excessively high
inlet angle of 180°. To further evaluate the suitability of each configuration, the maximum temperature
(Tmax), maximum temperature difference (Tqirr), pressure drop (AP) and fan power corresponding to
different inlet angles are summarized in Tab. 4.

The results indicate that none of the evaluated configurations meet the ideal operating
requirements. The conventional 90° Z-flow model exhibited the poorest thermal performance, with a
maximum temperature of 322.14 K and a temperature difference of 15.06 K. Although the 165°
configuration achieved the lowest maximum temperature (316.04 K), its temperature difference
remained relatively high at 13.03 K. In all cases studied, the 120° configuration, while not the model
with the lowest maximum temperature, achieved a maximum temperature of 317.11 K, which was lower
than the Z-flow model (5.03 K). It also performed best in terms of the most important factor for the
battery module — uniform cooling — maintaining the minimum temperature difference of 9.97 K, a
reduction of 5.09 K compared to the Z-flow model. Furthermore, the 120° configuration also showed
the lowest pressure drop of 20.71 Pa corresponding to a fan power of 0.0828 W, while the pressure drop

of the other configurations ranged from 20.75
Pa to 21.78 Pa. This demonstrates that the ~Table 4. Cooling efficiency of the module in

improved heat dissipation performance of the different inlet air angle configurations
120° configuration is achieved without Fan
. . . Inlet Tmax Taitr
increasing the flow resistance. _ AP(Pa) | power

As illustrated in Fig. 5, the upper region air angle (K) (K) (W)
of the 120° inlet angle model cells is cooled | g0 32214 | 15.06 | 20.75 | 0.0830
relatively effectively by direct airflow, whereas

Y . Y y . . 105° 322.06 | 15.11 | 21.78 |0.0871

the lowerregion remains insufficiently cooled
because of limited airflow penetration, 120° 31711 | 9.97 20.71 | 0.0828
particularly in areas farther along the airflow | 135° 318.60 | 15.21 | 21.55 | 0.0862
path from inlet to outlet. Although the 120° | 150° 317.81 | 14.68 | 21.54 | 0.0861
configuration  improves overall  cooling 165° 31604 | 1303 | 2158 |0.0863

uniformity compared to other cases, this

180° 316.45 | 13.35 | 21.34 | 0.0853




improvement is mainly confined to the upper portion of the cells. This observation suggests that further
structural optimization is necessary to enhance cooling performance throughout the entire module.

4.2. Improved cooling model

Although  the 120° configuration
provided the best thermal uniformity,
insufficient cooling was still observed in the
lower cell regions. Therefore, an improved
design was developed by retaining the 120° inlet
angle, relocating the outlet to the inlet side, and
introducing an open baffle to promote airflow
recirculation and enhance cooling uniformity, as
shown in Fig. 7.

Figure 8 shows the heat distribution of the
improved model which has overcome the
difference in cooling efficiency between the
upper and lower regions of the cell. The open
baffle promotes a recirculating airflow, thereby
enhancing the overall cooling effectiveness.
Specific results for maximum temperature and
maximum temperature difference of the
improved model are shown in Tab. 5.

The maximum temperature achieved by
the improved model was 308.50 K and the
maximum temperature difference was 2.97 K,
as presented in Tab. 5, which fully met the
requirements of the cell's operating conditions
[11,12]. The incorporation of an open baffle and
the relocation of the air outlet significantly
enhanced airflow circulation within the battery
module, resulting in more uniform cooling
throughout the cells. Compared with the
original 120° configuration, the improved
design reduced the maximum temperature by
8.61 K and the maximum temperature

Figure 7. Improved air-cooled battery module
model
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Figure 8. Airflow path of the improved
air-coolina model

difference by 7.00 K. However, the enhanced airflow control increased the pressure drop from 20.71 Pa
to 31.65 Pa, corresponding to an increase of approximately 52.82%. This increase resulted in an
estimated fan power rise from 0.0828 W to 0.1266 W, representing an additional power requirement of
only 0.0438 W. Therefore, although the pressure drop increased noticeably, the corresponding impact
on overall energy consumption remained limited, while the thermal performance was substantially

improved.

The proposed design is practical because it only requires the addition of simple baffle structures
and a relocated outlet without changing the battery arrangement or cooling medium. These modifications



can be readily manufactured using conventional fabrication methods and integrated into existing air-
cooled battery packs with minimal structural changes. Therefore, the proposed design has good potential
for practical implementation and can be further evaluated for larger battery modules and commercial
battery pack applications.

Table 5. Optimal temperature parameters and improved air model temperature

Tmin OF the Tmax Of the Taits Of the AP(Pa) Fan power
improved model (K) | improved model (K) | improved model (K) (W)
305.53 308.50 2.97 31.65 0.1266

5. Conclusion

In this study, the influence of cooling air inlet angle on the thermal performance of a 4 x 6
Panasonic 18650 lithium-ion battery module was investigated using CFD simulations. Based on the
obtained results, the following conclusions can be drawn:

1. The inlet air angle has a significant effect on the cooling performance of the BTMS. Among
all configurations, the 120° inlet angle achieved the best thermal uniformity, reducing the maximum
temperature and temperature difference by 5.03 K and 5.09 K, respectively, compared to the Z-flow
model, while maintaining the lowest pressure drop of 20.71 Pa.

2. Although the 120° configuration improved airflow distribution compared with the conventional
Z-flow design, insufficient cooling was still observed in the lower regions of the battery cells due to
limited airflow penetration.

3. The improved model, incorporating an open baffle and a relocated outlet configuration,
significantly enhanced airflow circulation and thermal uniformity. The maximum temperature and
temperature difference were reduced to 308.50 K and 2.97 K, respectively. Although the pressure drop
increased from 20.71 Pa to 31.65 Pa (approximately 52.82%), the corresponding increase in estimated
fan power was only 0.0438 W. Therefore, the improved design achieved substantially enhanced cooling
performance with only a limited increase in overall energy consumption.

This study is limited to the investigated battery module configuration and the specified CFD
operating conditions. Future work will focus on experimental validation and extending the proposed
design to different battery configurations and operating conditions.
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