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With the response to the call for low-carbon development, the electric vehicle industry has
grown rapidly. The safety and stability of the thermal management system for lithium-ion
batteries are of vital importance. This paper takes the 18650 cylindrical lithium-ion battery
module as the research object. Using SolidWorks, two types of cell arrangement models,
2x8 and 4x4, were established, and a coupled model of fluid flow and heat transfer was
established in COMSOL Multiphysics to conduct numerical simulation of the internal air
flow and heat dissipation process of the module. The influence of cell arrangement method,
ventilation port layout method, and inlet wind speed on the internal air flow distribution and
temperature distribution of the battery was mainly studied. The simulation results show that
appropriately increasing the inlet speed, optimizing the position of the ventilation ports, and
arranging the batteries properly all contribute to reducing the temperature inside the battery.
The key point is whether the airflow can evenly cover the interior of the battery and
effectively dissipate heat. The research in this paper can provide certain references for the
optimization of the air-cooling heat dissipation design of lithium-ion battery modules.
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SYMBOLS AND ABBREVIATIONS

Roman characters

p pressure Pa

R gas constant J/kg K
T temperature °C,K
U voltage A%

V volume m3

C nominal capacity Ah

/ current A

k thermal conductivity W/(m-K)
m mass kg

0 heating power W

R internal resistance Q

Greek characters

A thermal conductivity W/mK
n dynamic viscosity Pa's
p density kg/m3

Dimensionless quantities

Re Reynolds number
Ma Mach number
Subscripts

pA air pressure

max maximum

A air



Abbreviations

CFD

Computational Fluid Dynamics

COMSOL COMSOL Multiphysics

IEA

Li-ion

PCM

SOC

3C

BTMS

International Energy Agency
Lithium-ion

Phase Change Material

State of Charge

three-times nominal capacity rate

Battery Thermal Management System
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Appendix 1. Modeling and Drafting in SolidWorks



1 Introduction

1.1 Background and significance

As global warming gradually gains attention from countries around the world. The
transportation industry continues to be a primary focus due to its significant energy demand,
and the global energy transition is increasing. The International Energy Agency (IEA)
estimates that transportation accounts for over 30% of the world's energy consumption,
highlighting the significance of carbon-free mobility as part of larger energy and climate
initiatives (IEA 2025). Vehicle electrification has emerged as a key strategy in this regard.
According to the IEA, sales of electric vehicles reached 17 million in 2024, and over 20%
of new cars purchased globally were electric, showing the quick uptake of electric mobility

on a global scale (IEA 2025).

The engineering requirements for lithium-ion battery systems have increased due to the
growing popularity of electric vehicles. Thermal management is an important part of
modules and battery systems because temperature has a direct impact on battery performance,
aging, and safety (Choudhari et al., 2020). The design of battery thermal management
systems(BTMS) involves the application of appropriate external cooling or auxiliary heating
techniques to maintain batteries within their optimal temperature range. This minimizes
capacity decrease caused by very low temperatures and avoids safety problems, such as

thermal runaway, induced by excessive heat(An et al.,2017).

1.2 Research objectives and significance

In this thesis, I use CFD simulations with conjugate heat transfer to investigate the thermal
management of a generic 18650 lithium-ion battery module. The primary objective is to
comprehend how the distribution of airflow affects the battery module's cooling efficiency.
This work is significant due to battery temperature has an impact on safety and performance,
and inadequate airflow dispersion can result in hot areas and significant temperature

variations across cells. By comparison these examples, the findings might offer useful



recommendations for enhancing air-cooling design and choosing appropriate operating

conditions for battery modules with cylindrical cells.

2 Literature review and findings

2.1 The significance and types of BTMS

Temperature has a significant impact on lithium-ion battery performance, aging, and safety.
High temperatures cause side reactions, accelerate battery deterioration, and may even cause
thermal runaway; low temperatures increase electrolyte resistance and slow down
electrochemical reaction kinetics, decreasing available capacity. In addition, irregular
electrochemical behavior distribution caused by temperature inhomogeneity within modules
or battery packs shortens cycle life. In order to minimize temperature variations between
cells and maintain cell temperatures within a suitable operating window, a Battery Thermal
Management System (BTMS) is necessary. To better illustrate the background and

motivation of my research topic, Figure 1 presents my ideas.

Motivation for Air-Cooling Analysis of Lithium-lon Battery Modules

Battery module Temperature rise

Heat generation Need for BTMS Air cooling

operation and hot spots
=+ -| ) =+ =
Heat is generated during Joule heat and polarization gt RTINS Control peak temperature and Simple structure, lower cost,
) o and local gradients may . o
charging and discharging. heat develop inside the cells. e improve thermal uniformity. and practical implementation
Why is temperature Why does airflow ‘Why is air cooling Why use CFD Case study in
uniformity important? distribution matter? still attractive? analysis? this thesis
> > > > =) it 0
Cooling performance depends It remains appealing because 1t CFD helps visualize airflow, (e ittt A ik

2x8 and 4%4 layouts under
different ventilation conditions
and air flow velocity.

Uneven temperature accelerates

aging and affects module safety on whether air can pass is simple. lightweight, and predict temperature fields, and

effectively through cell gaps. economical identify hot-spot regions.

Figure 1. Schematic illustration of the motivation and case study of this research.
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As shown in Figure 1, lithium-ion batteries generate heat during operation. Insufficient heat
dissipation can lead to temperature rise, local overheating points, and uneven temperature
distribution. Therefore, effective heat dissipation management is of vital importance. This
paper studies the air cooling method, as it has a simple structure and is cheaper, making it

more suitable for application.

The best operating temperature range for batteries is generally found to be between 25 and
50 °C, and battery pack performance is enhanced when the maximum temperature

differential is kept within 5 °C (Liu et al. 2022).

BTMS can be classified by the dominant heat-transfer medium and mechanism,

BTMS
(Battery Thermal Management System)

Passive BTMS Active BTMS Hybrid BTMS

PCM cooling Heat pipe cooling Air cooling Liquid cooling . .
(latent heat) (heat spreading) (natural / forced) (direct / indirect) Air-PCM Lighid-PCM

Heat pipe-PCM Other strategy

Figure 2. BTMS classification (based on Liu et al., 2022).

with common techniques such as heat pipe cooling, phase change material (PCM) cooling,
liquid cooling, and air cooling. Although air cooling is cheap and structurally simple, airflow
distribution is crucial because it frequently has poor heat-transfer capacity and varying
temperatures under high rates or small packaging. Numerical studies have shown that the
thermal performance of air-cooled lithium-ion battery packs can be further enhanced by
optimizing the flow channel structure. This indicates that the distribution of airflow plays a
significant role in the design of battery modules (Sutheesh et al., 2025). Although liquid
cooling usually removes more heat, it also adds mass, complexity, and leakage risk to the
system. For example, recent studies have utilized semi-immersed liquid cooling systems to
optimize the thermal performance of cylindrical lithium-ion batteries, confirming that liquid

cooling remains an effective but more complex solution (Ji et al., 2025). Although PCM
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cooling provides passive temperature buffering through latent heat, material improvements
are necessary due to its low thermal conductivity and potential leakage. Although contact
and packaging limitations may restrict their applicability in certain module designs, heat
pipes enable extremely effective heat spreading and are commonly incorporated into hybrid

solutions (Liu et al. 2022).

2.2 The danger of thermal runaway in lithium-ion batteries

Thermal runaway is one of the most serious safety issues for lithium-ion batteries. When the
heat generated inside the battery exceeds its heat dissipation capacity, the battery
temperature will rise rapidly and a series of exothermic secondary reactions will occur,
leading to a chain reaction of temperature increase. This process is difficult to control. Once
thermal runaway occurs, it not only causes a rapid decline in battery performance but also
may result in the release of a large amount of gas, combustion, and even explosion, etc.,
which are serious results (Dai et al., 2025). As shown in Figure 3, thermal runaway can

potentially cause serious fire hazards in practical applications.

Figure 3. Vehicle fire associated with battery thermal runaway (Source: Zhiliao Auto, 2024).
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For battery modules or battery packs, the danger brought by thermal runaway is more
obvious. When a single cell fails, the heat it releases may be transferred to the surrounding
cells, further causing thermal spread and resulting in more serious safety issues. Additionally,
during the process of thermal runaway, flammable and toxic gases may be released, so its
risks not only lie in the rapid increase of temperature, but also may lead to consequences

such as fires, explosions, and the spread of harmful gases (Mallick et al., 2023).

Therefore, the role of the battery thermal management system is not only to enhance the
performance and lifespan of the battery, but more importantly, to keep the battery
temperature within an appropriate range, thereby reducing the occurrence of hotspots and
lowering the risk of thermal runaway. Although this article does not directly simulate the
thermal runaway process, by improving the air flow distribution to lower the maximum

temperature, this can reduce certain risks (Hu et al., 2024)

2.3 The influence of different charging modes and rates on battery heating

Under various operating conditions, lithium-ion batteries produce different amounts of heat.
This discrepancy becomes more noticeable under various charging modes and charge rates.
It should be made clear that the battery itself does not have different fixed powers; rather,
under various charging conditions, the battery's input power and heat generation will change

in tandem with changes in current and voltage. In general, power can be written as:
P=Ul (D

where I is the current and U is the terminal voltage. As a result, various charging techniques

will result in varying power levels, which will further impact the battery's thermal load.

The internal heating of the battery is not caused by a single factor. According to the energy
balance of the battery system, the heat generated by the battery during operation is usually
divided into two parts: irreversible heat and reversible heat. The total heat generation rate

can be expressed as:

Qg'en = QL.T‘T‘ + Q;ev (2)
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Q g'en is total calorific value, Q,,, is irreversible heat, Q,,, is Reversible heat. Previous
studies have shown that battery heating may result from multiple factors such as
electrochemical reactions, mixing effects, phase changes, and Joule heating. Therefore, the

actual heat process is quite complex (Mattia et al., 2025).

In engineering analysis, more attention is usually paid to irreversible heat because it accounts
for a larger proportion under higher current conditions. Irreversible heat is mainly related to
the ohmic internal resistance and polarization loss. In simplified analysis, it is often

expressed as:

Qur = I’R (3)

R represents the internal resistance of the battery. From Equation (3), it can be seen that the
greater the current, the more heat the battery typically generates. Therefore, in fast charging
or high-rate operation conditions, the temperature rise of the battery is usually more
significant, which also indicates that higher-rate operation places higher demands on the

battery's thermal management system (Saxon et al., 2024).

In this paper, a detailed modeling of the entire electrochemical charging process was not
conducted. Instead, a constant heat source corresponding to the 3C operating condition was
adopted as a simplified condition in the CFD model. For numerical simulation, the battery

heating can typically be represented as a volumetric heat source:

q" == (4)

q'" is a volumetric heat source, Q represents the heating power of the individual battery, V

represents the volume of the battery.



3 Methodology
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This section introduces several battery parameters, air volume, formula principles, specific

simulation processes and so on.

3.1 Battery parameters

Table 1. Key parameters of 18650 Li-ion cell.

Category Parameter Symbol Value Unit
Geometry Cell diameter Dcen 18 mm
Geometry Cell height Hep 65 mm
Electrical Nominal voltage U 3.7 \%
Electrical Nominal capacity C 1.5 Ah
Mass/structure  Cell mass m 4.54x1072 kg
Mass/structure Can thickness Lean 2x107 m
Heat generation ~ Heat generation (3C) P3¢ 1.0284 W
Thermophysical Density Peell 1000 kg/m?3
Thermophysical Heat capacity Cp,cell 2200 J/(kg-K)
Thermal conductivity [ Kxs Ky, ks ]
Thermophysical cell W/(m-K)
(anisotropic) =[1,25,1]

Note: Cell geometry and electrical parameters are from Wang et al. (2014), while the

equivalent thermophysical properties are assumed in this study.
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Thermophysical properties (pcell, Cp cell @nd kej) are modeling assumptions defined based
on conventional numerical values in COMSOL, [ky, k,, k,]=[1,25,1] means anisotropic

thermal conductivity in the model coordinate system(x, y, z).

To focus on investigating the effects of cell arrangement, vent location, and airflow velocity
on air distribution and cooling performance, battery heat generation was simplified as a
constant volumetric heat source during simulation. The CFD model was solved under steady-
state assumptions. Electrochemical processes, state-of-charge dependencies, and transient

operating characteristics are beyond the scope of this study.

3.2 Battery case and air volume

Table 2 shows the material properties of the shell assumed in COMSOL.

Table 2. Casing material properties.

Property Value Unit
Density 1050 kg/m?
Thermal conductivity 0.2 W/(m-K)
Heat capacity C, 1470 J/(kg-K)

This is an engineering drawing of a battery casing. As shown in Figure 4.

\
N

Figure 4. Battery casing drawings.
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The battery casing measures 272 mm in length, 87 mm in height, and 82 mm in width. The
diameter of the air intake opening is 60 mm. During the actual simulation process, the air

domain is reduced by 1 mm inward in all directions relative to the enclosure volume.

This simulation employs fundamental numerical parameters, with air serving as the heat

transfer medium. The table below presents the basic values for air.

Table 3. Air parameters.

COMSOL definition

Property Symbol ) Unit
(Expression)

Density p rho(pA,T) kg-m™
Dynamic viscosity U eta(T) Pas
Thermal conductivity k k(T) W-m*-K™!
Specific heat capacity

Cp Cp(T) Jkg'-K™!
(constant pressure)
Specific gas constant R R _const/Mn J-kg*-K™!
Mean molar mass M 0.02897 kg-mol™

Air properties are taken from COMSOL database, some properties related to temperature or
pressure are represented in the table using corresponding expressions. For example,
rho(pA,T) means density is related to pressure and temperature, eta(T) means dynamic

viscosity is related to temperature etc.
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3.3 Fundamental Theory

3.3.1 Fluid dynamics explanation

Since the Reynolds number based on the inlet diameter is always in a laminar flow state
under the studied inlet velocity (0.1-0.3 m/s), the airflow is modeled as a steady-state

laminar flow.

puD
Re = T (5)

At room temperature air properties were approximated as p ~ 1.2kg/m3, and u =

1.8 x 107° Pa-s, D = 0.06 m.

o1 R 1.2 x0.1 X 0.06 400 < 2300
u=0.1m/s: e~x o105

_ o2 R 1.2 x 0.2 x0.06 800 < 2300
u=0.2m/s: exr— e 105

= 03m/s: Re~ 203X 000 1500 < 2300
u=0.3m/s: e¥ o105

Same way since the inlet velocities are low (0.1-0.3 m/s), the Mach number is smaller than

the 0.3, so the airflow is incompressible.

u
Ma = — (6)
c
0.1 Ma~—L < 29x 107 « 0.3
= 0. : ~—— =~ 2.9 X .
u m/s a 343
—02m/si Ma~ 2 ~58x10"* « 0.3
u=0.2m/s: a= 343~ > .
0.3 Ma~ 3 ~ 87 x 107 « 0.3
= 0. : ~ —— =~ 8.7 X .
u m/s a 343
For incompressible flow, the continuity equation is:
V-u=0 (7

Momentum conservation equation (Steady-state laminar flow Navier—Stokes):
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Momentum conservation equation, as expressed by the formula provided in COMSOL and

in COMSOL, the laminar momentum equation is presented in the stress-divergence form:
p(i-VU=V-(—pl+K)+F (8)
And the viscous stress tensor K is defined as:
K = p(vi + (vi)") 9

From formula (4) we can calculate V - (—pl) = —Vp and for incompressible so V- 1 = 0,
viscosity is constant the viscous term simplifiesto V- K = uv?i (V-4 = 0, p = const),

so the momentum equation is becomes:

p(@-V)d =—Vp + Vi +F (10)
3.3.2 Heat transfer explanation

In this study, we use the interface (solid and fluid heat transfer) in COMSOL to model the
heat transfer processes, for the solid domain is battery cell and casing, for the fluid domain
1s air.

Heat conduction is the process of heat transfer because of temperature difference it is usually

from high temperature to low temperature the fundamental heat conduction is Fourier's Law

(Bergman et al., 2017).
heat conduction (Fourier's Law):

dT
dx

qx = —k (11)

Law of Conservation of Energy: energy cannot be created out of nothing, nor can it disappear
into nothing. Instead, it can only be transformed from one form to another or transferred

from one system to another (Bergman et al., 2017).

dE,, . . _ y2 _ V2
Tt =Q—W+me h+7+gz —Zmout h+7+gz (12)

In COMSOL, the steady-state energy conservation equation is written as:

pcpz‘i-VT+V-c7=Q+Qp+Q,,d (13)
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pc, U - VT is the convection term. The second part V-G represents heat conduction

generated by the divergence of the conductive heat flux. Q is thermal source (battery cell
constant power). @, is pressure work and Q,4 is viscous dissipation, in this study is low

airflow speed, these two factors are usually small.

Battery heating can be represented by a constant volume heat source:

Q=" (14)

That the Py = P3-,=1.0284 W, the V is cell volume.

Convection refers to the transfer of heat between a fluid and a solid surface. The heat transfer
process that occurs due to the combined effect of fluid motion and molecular diffusion. Its

basic formula is Newton's law of cooling (Bergman et al., 2017).
Convective heat transfer (Newton's law of cooling):
q" = h(Ts — To) (15)

In this study,we set the Comsol value h = 10 W /(m? - K).
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4 CFD Modelling and Simulation

This section will show how to construct and assemble models based on the geometries of

SolidWorks , how to simulation use COMSOL.

4.1 Geometric body construction and model assembly based on SolidWorks

The other SolidWorks drawings of the battery module can be found in Appendix 1. There
are two model example sizes can be seen in the appendix. To highlight the influence of the
cell arrangement and ventilation structure on the heat dissipation effect, the actual structure
was appropriately simplified during the modeling process. For instance, the battery model
was replaced by a long cylindrical body, and details such as materials were not considered
during the modeling. As shown in the appendix, for the 2x8 arrangement model battery, the
diameter is 18 mm and the height is 65 mm. The size of the housing has been mentioned
above. The distance settings are as follows: the distance from the center of the single battery
on the left to the inner wall on the left is 30 mm, to the inner wall on the top is 15 mm, and
to the inner wall on the bottom is 5 mm. The diameter of the ventilation opening is set to 60

mm and is located at the center of the outer wall.

4.2 CFD domain preparation and numerical settings in COMSOL

After assembling the parts in SolidWorks, save the file in the Parasolid format and import it
into COMSOL Multiphysics as a model as shown Figure 5. After the import process is
completed, the domain division begins. Firstly, the battery and the casing are defined as the
solid domain, while the air is defined as the fluid domain. The air domain is obtained by
reducing the overall space of the shell by 1 mm inward, which can be understood as the
internal area excluding the thickness of the shell. In terms of the physical field settings, the
two main physical field layers I have set are laminar flow and the heat transfer fields of
solids and fluids. The flow state can be regarded as steady, laminar, and incompressible flow.
The air material parameters are called from the default expressions in the COMSOL material

library, while the cell part adopts equivalent homogeneous treatment, and the corresponding
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thermal physical parameters such as density, specific heat capacity, and thermal conductivity

are set according to the above Table 1.

Figure 5. Battery module 2x8 arrangement and left and right ventilation openings.

To simplify the complex electrochemical exothermic process inside the battery, this paper
simplifies the heat generation of a single cell under the 3C condition to a constant volume
heat source. This way, the analysis can focus on the influence of cell arrangement, ventilation

position, and inlet air speed on the heat dissipation performance.
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5 Simulation results and solutions

In this section, the simulation results of COMSOL are mainly presented.

5.1 Battery module 2x8 arrangement

First, in an original environment without forced convection for ventilation and heat

dissipation, observe the heat distribution of a 3C battery.

A0 A 310

308

mm 308

304

mnt { 302

300

298

294

¥
¥ 306 I_‘ X
(a) (b)

¥ 293

Figure 6. Battery module 2x8 arrangement no airflow.

In Figure 6, the temperature distribution of the 2x8 battery module under the condition of
no air flow is presented. (a) is the three-dimensional temperature distribution map, and (b)
is the cross-sectional temperature distribution map. It is shown that the module's internal
temperature rises quickly in the lack of forced ventilation, peaking at about 310 K. The
middle of the battery array is where many of the hotter locations are found, while the spots
toward the ends have comparatively lower temperatures. This is due to the batteries in the
center being farther away from the external border and having a longer heat dissipation path,
which makes it easier for heat to build up and create local hotspots. In order to compare the
effect of air flow on the temperature distribution, this condition can be utilized as a standard

for further analysis of other ventilation plans.
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Then, the ventilation positions of the three different locations were compared, and the heat

dissipation conditions were examined under a wind speed of 0.1m/s.

First one, Figure 7 shows the situation of left and right ventilation under the conditions of a

2x8 arrangement and an inlet speed of 0.1 m/s.

K

m/s
A 303

A 0.141

0.14

¥ 293 Yo

(a) (b)

Figure 7. Battery module 2x8 arrangement and left and right ventilation openings.

(a) represents the distribution of the temperature field, and (b) represents the distribution of
the velocity field. The airflow moves along the upper portion of the module after entering
from one side. In nearby areas of the entrance, it creates a higher flow velocity. From the
standpoint of velocity distribution, however, the airflow mostly concentrates close to the
upper wall and does not completely go through the battery array interior. The majority of the
areas surrounding the batteries have comparatively low flow velocities. The temperature
distribution shows that even though the overall temperature has dropped since the airflow
was introduced, there are still noticeable hot spots in the battery array's back, with a

maximum temperature of roughly 303 K.

Figure 8 shows the temperature and velocity field distributions of the up-down ventilation
mode under a 2x8 arrangement and with an inlet speed of 0.1 m/s. (a) represents the
temperature distribution and (b) represents the velocity distribution. The airflow primarily
enters from the upper portion and creates a clear vertical high-speed flow channel in the
center of the module, according to the airflow velocity distribution diagram. With a

maximum velocity of roughly 0.233 m/s, this scheme has a higher local velocity than the
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left-right ventilation method, suggesting a stronger local convective heat transfer capability

in the middle area.
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Figure 8. Battery module 2x8 arrangement and up and down ventilation openings.

From the temperature distribution graph, it can be seen that after the upper and lower

ventilation, the overall temperature of the module decreased significantly compared to the

situation without forced convection air cooling. The maximum temperature was

approximately 301 K, which was also lower than 303 K in the left and right ventilation

methods. This indicates that the upper and lower ventilation has a better effect in reducing

the temperature at the hot spot.

Figure 9 shows the ventilation methods in front and back 2x8 and an inlet speed of 0.1 m/s.
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Figure 9. Battery module 2x8 arrangement and front and back ventilation openings.
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Figure (a) shows the temperature distribution, and Figure (b) shows the velocity distribution.
It can be observed that the airflow forms a relatively continuous flow distribution in the
central area of the module. Although the local maximum velocity is approximately 0.179
m/s, which is lower than 0.233 m/s of the up-down ventilation method, the flow field is more
evenly distributed, and there are no overly concentrated high-speed zones. From the
temperature distribution, the maximum temperature under the front and rear ventilation
methods is approximately 300 K, which is the lowest among the three ventilation plans. This

indicates that this plan has the best effect in suppressing hotspots.
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Figure 10. Battery module 2x8 arrangement heat dissipation summary.

By analyzing the simulation results of both the non-ventilation condition and the three
different ventilation methods, it can be observed that the ventilation structure has a certain
impact on the heat dissipation performance of the 2x8 arrangement battery module. Without
air flow, a distinct hot spot is easily formed in the middle of the module, with the maximum
temperature reaching approximately 310 K. After introducing air flow, all ventilation
schemes can to some extent reduce the overall temperature, but the cooling effects of

different opening methods are also different.

Under the left-right ventilation method, the airflow mainly flows along the upper part of the
module, making it difficult to effectively enter the interior of the battery array. As a result,
the middle and rear areas still have relatively high temperatures, with the highest temperature
reaching approximately 303 K. The cooling effect was the worst in this specific working

condition comparison.

The up-down ventilation method can form a strong local airflow in the middle of the module,

effectively reducing the hotspot temperature. The maximum temperature drops to
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approximately 301 K. However, the overall distribution of the flow is still not uniform. In
contrast, the front-back ventilation method has a lower local maximum velocity, but the
airflow distribution is more uniform, which can more fully cover the entire battery array.
The maximum temperature is approximately 300 K. Therefore, in this simulation, the front-

back ventilation method has the best heat dissipation effect.

5.2 Battery module 4 x4 arrangement

Figure 11 shows the temperature and velocity field distributions of the left and right

ventilation methods under the conditions of a 4x4 arrangement and an inlet speed of 0.1 m/s.

K m/s
A 301 A 0.266

mm
mm

¥ ¥
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% ¥ 293 ¥

(a) (b)

Figure 11. Battery module 4 x4 arrangement and left and right ventilation openings.

From the Figure, (a) represents the temperature distribution, and (b) represents the
distribution of the airflow velocity field. It can be observed that the airflow mainly enters
from one side and forms a distinct flow path along the upper part of the module. In the area
close to the upper wall, a higher flow velocity is formed, with the maximum velocity being
approximately 0.266 m/s. In terms of temperature distribution, the module's maximum
temperature under this ventilation technique is roughly 301 K. This suggests that although
the overall cooling effect is still limited, the left and right ventilation can lower the battery
temperature to some degree. The fact that the high-temperature area is still concentrated
close to the battery array indicates that the cold air did not completely penetrate the battery

pack's interior.
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Figure 12. Battery module 4 x4 arrangement and front and back ventilation openings.

Figure 12 shows the temperature and velocity field distributions of the front and rear
ventilation methods under the conditions of a 4x4 arrangement and an inlet speed of 0.1 m/s.
Here, (a) represents the temperature distribution, and (b) represents the velocity distribution.
It can be observed that after the airflow enters from the upper part, a distinct vertical high-
speed channel forms in the middle of the battery array and directly passes through the gap
area between the batteries. The maximum velocity is approximately 0.736 m/s, which might
be due to the narrow passage of the battery arrangement, resulting in local high-speed airflow
when flowing through the narrow space. Therefore, this high speed is a typical local
acceleration phenomenon rather than an increase in the overall flow velocity. From the
perspective of temperature distribution, the maximum temperature of the module under the
front and rear ventilation method is approximately 297 K, which is significantly lower than
301 K under the left and right ventilation method. This indicates that it has a better effect in

reducing the hot spot temperature.

Figure 13 shows the temperature and velocity field distributions of the up-down ventilation
method under the conditions of a 4x4 arrangement and an inlet speed of 0.1 m/s. (a) represent
the temperature distribution, and (b) represents the velocity distribution. It can be observed
that after the airflow enters from the upper part, it forms several distinct vertical high-speed
channels in the central area of the battery array and directly passes through the gaps between
the batteries. The maximum velocity is approximately 0.305 m/s. From the standpoint of
temperature distribution, the module's maximum temperature under the top-bottom
ventilation method is roughly 297 K, which is lower than the left-right ventilation method's

301 K but comparable to the front-back ventilation method.
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Figure 13. Battery module 4 x4 arrangement and up and down ventilation openings.

The temperature distribution is more concentrated close to the battery array and the range of
the high-temperature area is smaller at the same time, suggesting that the cold air can

effectively act on the primary heat-generating area.
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Figure 14. Battery module 4x4 arrangement heat dissipation summary.

By analyzing the simulation results of the three ventilation methods, it can be observed that
the maximum temperature of the left-right ventilation method is approximately 301 K, which
is significantly higher than the other two schemes. This indicates that this method has the
poorest cooling effect. The main reason is that the airflow flows around the module boundary
and fails to effectively enter the interior of the battery array. In contrast, the front-back
ventilation and the up-down ventilation methods have significantly reduced the hot spot
temperature. Their maximum temperatures are approximately 297 K. From the velocity

distribution, the front-back ventilation forms a higher local velocity (about 0.6—-0.7 m/s) near



29

the battery array. However, for the up-down ventilation, a more direct through-flow path is
formed, and the airflow can pass through the center area of the battery array along the battery
gaps. The up-down ventilation has a more direct flow path and can be considered as a better

solution.

5.3 Battery 4x4 arrangement with different airflow speeds (0.1,0.2,0.3 m/s)

Figure 15 shows the airflow speed and Figure 16 shows the temperature distribution for

different inlet velocities (0.1-0.3 m/s) in a 4x4 arrangement with top-and-bottom ventilation.
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Figure 15. Battery module 4 x4 arrangement with speed(0.1,0.2,0.3 m/s) for airflow speed.
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Figure 16. Battery module 4 x4 arrangement with speed(0.1,0.2,0.3 m/s) for temperature.

Among these, (a), (b) and (c) correspond to inlet velocities of 0.1 m/s, 0.2 m/s and 0.3 m/s

respectively. From the velocity distribution, it can be seen that as the inlet velocity increases,
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the vertical high-speed channels in the battery gap gradually become stronger, and the local
maximum velocity increases from approximately 0.3 m/s to approximately 0.86 m/s. At the
same time, the range of the high-speed area also slightly expands, indicating that the
penetration ability of the airflow in the battery array is continuously enhancing. By
combining the temperature distribution graph, it can be observed that as the inlet velocity
increases, the overall temperature of the battery module gradually decreases. Here, since the
difference is very small unable to distinguish the magnitude of the values when use K in
COMSOL, so I use °C to represent the specific values. It starts at 23.7 °C and gradually
drops to 21.6 °C. This indicates that a higher airflow velocity can enhance the convective
heat transfer on the battery surface, thereby improving the cooling effect. However, by
comparing different velocity conditions, it can be seen that when the inlet velocity increases
from 0.2 m/s to 0.3 m/s, the temperature only decreases from 22.2 °C to 21.6 °C. The
decrease in temperature has significantly reduced, indicating that at higher flow velocities,
the cooling effect will gradually approach saturation. Therefore, although increasing the inlet
speed can effectively enhance the cooling performance, there is a significant diminishing
return effect. In practical applications, one should comprehensively consider the heat

dissipation requirements and energy consumption and select an appropriate inlet speed.
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6 Discussion of the results

Table 4. Summarizes the CFD results for different battery arrangements, ventilation form

and inlet velocities.

Battery Ventilation Inlet velocity Max Max velocity
Cooling performance
arrangement configuration (m/s) temperature (K)  (m/s)
2x8 No airflow 0 310 0 Baseline
2x8 Side-to-side 0.1 303 0.141 Poor
2x8 Top-to-bottom 0.1 301 0.233 Moderate
2x8 Front-to-back 0.1 300 0.179 Best for 2x8
4x4 Side-to-side 0.1 301 0.321 Poor
4x4 Front-to-back 0.1 297 0.736 Good
4x4 Top-to-bottom 0.1 297 0.305 Best for 4x4 (0.1m/s)
4x4 Top-to-bottom 0.2 295.35 0.59 Good
Better but diminishing
4x4 Top-to-bottom 0.3 294.55 0.859

returns

From the previous simulation results in Table 4, it can be seen that the arrangement of
batteries and the layout of ventilation ports will significantly affect the heat dissipation effect
of the battery module. Although all forced convection conditions are better than the no-
ventilation condition, the differences between different schemes are still obvious. This
indicates that for lithium-ion battery modules, the cooling effect is not only related to the
wind speed, but also to the airflow distribution and the ventilation ports, that is, whether the

airflow can smoothly enter the interior and then exit to carry away the heat.

For the 2x8 arrangement, the combined effect of front and rear ventilation is the best. This
result is related to the structural characteristics of the 2x8 itself. Because the 2x8 is a
relatively slender arrangement, if the airflow can pass through the entire module along the
length direction of the battery array, it will be easier to continuously remove the heat. In

contrast, when using left-right ventilation, the airflow mostly flows along the upper part of
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the module and does not effectively enter the interior of the battery array. Therefore, the
middle and rear areas are still prone to higher temperatures. But I think this situation would
change for the better if the wind speed increases. Although the up-down ventilation did
create a relatively strong local airflow in the middle area and did indeed lower the hot spot
temperature, this flow was mainly concentrated in the middle part and the overall coverage
was not uniform enough. Therefore, for this slender module, the overall coverage by the

airflow is more important than creating a high-speed airflow.

For the 4x4 arrangement, the simulation results are somewhat different. In this arrangement,
the left-right ventilation is the worst, while the front-back and top-bottom ventilation are
significantly better. The reason is that the 4x4 structure is more compact than the 2x8
structure, and the batteries are more concentrated in the central area. If the airflow only flows
along the boundaries and cannot enter the central area, the cooling effect on this central heat-
generating area will be relatively limited. To achieve the same cooling effect, a higher wind
speed is required, which means more energy consumption. From the results, it can be seen
that this situation is obvious when using left-right ventilation. The airflow mainly flows
around the boundary, resulting in insufficient cooling in the center area of the battery pack.
However, front-back ventilation and up-down ventilation can make the cold air more close
to the battery array, thus significantly reducing the hotspot temperature. In contrast, the flow
path formed by up-down ventilation is more direct, and the airflow can more obviously pass
through the gaps between the batteries, so from the perspective of flow field organization, it

is more suitable for the 4x4 compact arrangement.

Based on the 4x4 up-down ventilation method, further comparison of different inlet
velocities (0.1, 0.2, and 0.3 m/s) reveals that as the inlet velocity increases, the maximum
temperature continuously decreases, indicating that increasing the wind speed can indeed
enhance convective heat transfer and improve the heat dissipation effect. At the same time,
the high-speed channels in the battery gaps have become more pronounced, indicating that
the air flow penetration ability between the batteries has increased. However, when the local
speed increases from 0.2 m/s to 0.3 m/s, although the local speed has increased significantly,
the temperature drop has not been as obvious as before. This indicates that at higher wind
speeds, the cooling effect begins to show a marginal decrease. In other words, although
continuing to increase the wind speed may continue to lower the temperature, the effect is

not as obvious. Therefore, in real life, this is very important because higher wind speeds
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usually also mean higher fan energy consumption. So, in the design process, one cannot only
pursue a greater speed but also needs to consider the balance between heat dissipation

benefits and energy consumption.

Finally, from the results, another phenomenon can be observed: even if the local wind speed
is high, the overall heat dissipation effect may not necessarily be better. Under certain
conditions, the wind speed is quite high, but the heat dissipation is not optimal. This indicates
that when managing the battery's heat dissipation, we cannot merely focus on the size of the
wind speed; instead, we should pay more attention to whether the airflow can be more evenly
distributed over the battery array. If the airflow is concentrated in only one part of the battery
while leaving other parts without any airflow, the heat dissipation effect will definitely not
be satisfactory. Therefore, in summary, whether the airflow distribution is reasonable is an

important parameter for judging the quality of heat dissipation.
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7 Conclusion

This paper uses the SolidWorks software to model 18650 cylindrical lithium-ion batteries,
and uses the COMSOL Multiphysics simulation platform to conduct simulation analysis on
the air-cooling heat dissipation performance of the lithium-ion battery module. The focus is
on studying the influence of battery arrangement method, ventilation port layout method,
and inlet velocity on the temperature distribution and air flow field distribution. Through the

comparison of different working conditions, the following conclusions can be drawn:

(1) Firstly, for the 2x8 arrangement, when there is no air flow, a significant hot spot is easily
formed in the middle of the module, with the maximum temperature reaching 310K. This
indicates that without forced convection, heat is prone to accumulate within the battery array.
Among the three ventilation methods (0.1m/s), the combined cooling effect of front and rear
ventilation is the best, achieving the lowest maximum temperature of 300K; the top and
bottom ventilation comes second with a temperature of 301K; and the left and right
ventilation has the worst effect at 303K. This result suggests that for slender battery modules,
it is more beneficial for heat dissipation to ensure better air coverage and form a continuous

flow path along the direction of the battery array.

(2) For the 4x4 arrangement, there are also significant differences among various ventilation
methods. The results show that the left-right ventilation has the poorest cooling effect, while
the front-back ventilation and the top-bottom ventilation can significantly reduce the hotspot
temperature by approximately 297K. Further comparison reveals that the top-bottom
ventilation has a more direct flow path and is more conducive to the air flow entering the
central area of the battery array, thus making it more suitable as the ventilation method for

4x4 compact battery modules.

(3) Furthermore, under the 4x4 up-down ventilation condition, as the inlet velocity gradually
increased from 0.1 m/s, 0.2 m/s, and 0.3 m/s, the module's maximum temperature
continuously decreased from 297K to 295.35K and then to 294.55K. This indicates that
increasing the wind speed can enhance convective heat transfer and improve the heat transfer
performance. However, the results also show that this improvement is not linear. As the inlet
velocity continued to increase, the temperature decrease amplitude gradually decreased,

indicating that the cooling effect has a certain marginal decrease. Therefore, in practical
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applications, it is necessary to consider the balance between heat dissipation performance

and energy consumption simultaneously.

(4) Overall, this study shows that the optimal ventilation scheme is closely related to the
battery arrangement. For the 2x8 slender module, front and rear ventilation is more suitable;
for the 4x4 compact module, top and bottom ventilation has more advantages. At the same
time, under a better ventilation structure, appropriately increasing the inlet speed can further
improve the cooling effect, but it is necessary to mainly balance the energy consumption and

cooling performance.
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Appendix 1. Modeling and Drafting in SolidWorks
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