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With the widespread application of electric vehicles and energy storage devices, the thermal
management of lithium-ion batteries has gradually become a key factor limiting their
performance and safety. This paper focuses on a battery pack composed of 18650 cylindrical
lithium-ion cells, establishing a three-dimensional geometric model and a thermo-fluid
coupled mathematical model. Finite element numerical simulations are conducted using the
COMSOL Multiphysics platform to systematically analyze the effects of different structural
parameters on the temperature and flow field distributions under air cooling conditions.
During the simulation, the influence of factors such as inlet air velocity, the relative position
of the inlet and outlet, and the size of ventilation holes on the heat dissipation performance is
investigated. The results show that appropriately increasing the inlet velocity, enlarging the
ventilation area, and optimizing the layout of the inlet and outlet can help reduce the
maximum surface temperature and temperature difference of the battery, thereby improving
temperature uniformity. This study provides theoretical guidance and simulation support for
the design optimization of thermal management structures in lithium-ion battery packs.



SYMBOLS AND ABBREVIATIONS

T Temperature K

p Density of fluid or solid kg/m?
Cp Specific heat capacity J/(kg-K)
K, kA Thermal conductivity W/(m-K)
n Dynamic viscosity kg/(m-s)
q Heat flux W/m?

Q Volumetric heat generation rate ~ W/m?
ST Volumetric heat source W/m?

F Faraday constant C/mol

I Electric current A

R Internal resistance Q

H Convective heat transfer coefficient W/(m?-K)
A Surface area m?

AT Temperature difference K

\% Inlet velocity m/s

p Pressure Pa

ks Battery thermal conductivity W/(m-K)
k f Air thermal conductivity W/(m-K)
u - VT Convective transport term K/s

G Gravitational acceleration 9.81 m/s?



Mathematical and Dimensionless Quantities

Re Reynolds number determines flow regime
v Gradient operator

V-(kVT) Heat conduction term

dT/ot Partial derivative of temperature with respect to time

u, v, w Velocity components in X, y, z directions
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1 Introduction

1.1 Background and significance of the research project

With the development of economic globalization, the world is facing energy shortages,
especially the excessive consumption of fossil fuels such as coal and oil, which leads
to resource shortages and environmental pollution. In China, coal accounts for more
than 50 percent of consumption, and oil and gas are dependent on imports. In 2023,
China's oil dependence exceeded 70 percent and its natural gas dependence exceeded
40" percent; In Europe, Germany is the largest economy in Europe, with high energy
demand but a lack of traditional energy resources and insufficient renewable energy
(such as wind and solar), as well as immature energy storage technologies, resulting
in unstable energy supply; For India, which is the world's third-largest energy
consumer, the rapid economic growth has led to a significant increase in energy
demand. India relies on imports for more than 80 percent of its oil, and fluctuations in
international oil prices have put great pressurel?l on its economy. Under the current
energy crisis, there is an urgent need for countries to develop and promote new energy

storage technologies.

Lithium-ion batteries, as a new type of energy, are becoming increasingly common in
electric vehicles, hybrid vehicles, and large-scale energy storage devices, and are also
gaining widespread attention in aircraft and high-power electrical devices.
Lithium-ion batteries have the advantages of high energy density, long cycle life, light
weight and no memory effect. Compared with traditional chemical dye batteries,
lithium-ion batteries have the advantages of high working voltage, low internal
self-discharge rate, high charge and discharge efficiency, long cycle life and!®

environmental friendliness.

The performance and lifespan of lithium-ion batteries are significantly affected by
temperature. At low temperatures, the battery's electrochemical activity decreases,

resulting in reduced discharge capacity and performance degradation; At high



temperatures, although the battery's electrical performance is better, internal side
reactions intensify, accelerating battery aging and shortening its cycle life. In addition,
if the temperature distribution on the battery surface is uneven, local stress will be
generated, which may cause irreversible damage to the battery structure and thereby
affect the performance of the entire battery module. More seriously, improper
operation such as overcharging, overdischarging or short-circuiting can cause a sharp
increase in the internal temperature of the battery, triggering a series of side effects,
which may eventually lead to thermal runaway, causing smoke, fire or even explosion,
posing a serious threat to the safety of the user. Therefore, effective management of

battery temperature is key!® to ensuring its safety and performance.

1.2 Research progress at Home and abroad
1.2.1 Current status of research on thermal management of lithium-ion batteries

The thermal management systems of lithium-ion batteries can be classified into three
cooling methods based on the different cooling media required for cooling: air cooling,
liquid cooling, and phase change material cooling.
(1) Air-cooled cooling

Air-cooling technology has been widely used in power lithium battery systems. Jie
Linfengl®! et al. developed a three-dimensional model consisting of seven 18650
cylindrical cells based on COMSOL software to study the heat dissipation
performance of longitudinal air cooling. The results showed that the longitudinal flow
reduced the volume of the battery pack by 9.62% compared to the transverse flow,
and kept the temperature rise within 15 © C when the wind speed was 4 m/s. At the
same discharge rate, for every 10 ° C increase in ambient temperature, the
temperature rise increases by approximately 1 ° C; For every 1.0 ° C increase in rate,
the maximum temperature rise increases by approximately 10 © C and the maximum
temperature difference increases by 4 © C. It shows that longitudinal air cooling has a

good heat dissipation effect in scenarios where volume and mass requirements are



strict.
(2) Liquid cooling for heat dissipation

Shen Jiangweil®

et al. used Fluent software to analyze the effects of different
semi-circular arc liquid cooling plate structures on heat dissipation performance and
voltage drop for 21700 lithium batteries. By setting up eight cooling structures, the
effects of coolant flow rate, inlet temperature and height of the liquid cooling plate on
the maximum temperature, maximum temperature difference and pressure drop were
investigated. The results show that the bidirectional flow structure improves
temperature uniformity better than the conventional unidirectional flow; Increasing
the flow rate can lower the temperature, but beyond 0.3 m/s, the improvement is
limited and energy consumption increases; Lowering the inlet temperature
appropriately may help to cool down, but it will increase the temperature difference;
Increasing the height of the liquid cooling plate helps improve the overall cooling
effect. It was ultimately found that when the flow rate was 0.3 m/s, the inlet
temperature was >25 © C, and the height of the liquid cooling plate was >55 mm, the
system could control the maximum temperature within 30.61 ° C, with a temperature
difference of less than 5 ° C, achieving good temperature balance.
(3) Heat dissipation of phase change material

Ying Mall et al. can effectively regulate the temperature by adding composite phase
change materials (CPCM) on the surface of the battery, ensuring that it can remain
below the critical safe present value. To obtain CPCM with the best stability and high
heat storage performance, the study proposed a multipolar porous carbon-loaded
material derived from metal-organic frameworks (MOFs). The results showed that the
performance characteristics of the composite phase change material (CPCM) varied
with the addition amount of g-C3N4. When the g-C3N4 content reached 20%, CPCM
peaked in terms of payload rate, crystallinity and impregnation efficiency. At this
point, the maximum loading rate of CPCM was 70.17%, the latent heat of phase
transition was 125.12 J-g!, reaching 94.01% of its theoretical latent heat value, and
the thermal storage efficiency was 99.16%. In addition, when the lithium-ion battery

was discharged at 3C rates, the surface temperature of the battery treated with
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CPCM-G decreased by 17.52 percent compared with BC-G, significantly enhancing

the safety of the battery under high discharge rate conditions.

1.2.2 Research on the thermal characteristics of lithium-ion batteries during
charge and discharge

In recent years, scholars have conducted in-depth research on the thermal
characteristics of lithium-ion batteries. Zhan®! et al. established a three-dimensional
model based on Fluent and found that the higher the discharge rate, the lower the
terminal voltage of the battery, and the temperature and temperature difference
increase significantly, indicating that although high-rate discharge increases power

output, it also increases thermal load and shortens battery life.

Mei Wenxinl! et al. established an electrochemical-thermal coupling model based on
the 26650 battery and verified it experimentally. The results showed that during
constant current charging, the temperature rise was fast and the peak value was high,
with the negative electrode being the main heat source for charging and the positive
electrode being the main heat source for discharging. This conclusion provides a basis

for developing differentiated thermal management strategies in high-power scenarios.

Zhang Songtong!'% et al. studied the heat generation behavior of 18650 cells at
different currents and SoCs and found that heat generation was high at the beginning
of discharge due to high voltage and increased again at the end due to rising internal
resistance, revealing the differences in thermal behavior during the discharge stage.
Wenxin Meil'!l et al. found on 26650 batteries that constant current charging leads to
faster temperature rise and higher peak temperature than discharging, with the
negative electrode being the main heat source during charging and the positive
electrode during discharging, highlighting the difference in heat source distribution

during charging and discharging.

Xu Wenjun!!?l et al. established an electrochemically-thermal coupling model for
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21700 batteries and found that the center temperature was the highest, the radial
temperature difference was greater than the axial temperature difference, and the
increase in charging rate exacerbated the temperature inequality, providing a

reference for thermal management under high-rate charging.

Chen Bing!!* et al. compared the thermal behavior of old and new batteries and found
that the heat generation of aged batteries decreased but the thermal behavior changed
significantly, and the thermal management strategy needed to be dynamically adjusted;
Jialong Liul'¥ et al. pointed out that aging and side reactions such as lithium plating

during overcharging are the core factors for thermal runaway.

In summary, the research on the thermal characteristics of lithium batteries covers
multiple levels from micro-mechanism to system response, emphasizing that thermal
behavior varies with rate, SOC, and aging state, laying a theoretical foundation for

achieving efficient, safe, and long-life thermal management systems.

1.3 Research contents and objectives of this project

With the rapid development of electric vehicles, battery pack cooling technologies
have advanced significantly. This paper simulates a forced air-cooled battery pack to

analyze the impact of key parameters on heat dissipation.

(1) Understand the heat transfer and heat generation mechanisms of lithium-ion
batteries.

(2) Establish a simulation model of the battery pack and set reasonable boundary
conditions to explore the temperature distribution characteristics of the battery pack in
the absence of heat dissipation.

(3) Study the effects of various parameters on the cooling effect in forced air
cooling, with a focus on the effects of factors such as wind speed, duct layout and

inlet and outlet size on the cooling effect
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2 Structure and working principle of lithium battery

2.1 The heat generation mechanism of lithium-ion batteries
During charging and discharging, lithium-ion batteries generate heat internally due to
various electrochemical reactions and physical processes. The main sources of heat

are as follows:

2.1.1 Heat of electrochemical reaction

Electrochemical reaction heat is the heat generated by the dissociation and
intercalation of the lithium-ion battery in the positive and negative electrode materials
during charging and discharging. It absorbs heat during charging and releases heat
during discharging. Therefore, this part of the energy is reversible heat, and its

calculation expression is as follows:

~ 3600
Where Q is the heat generated by the chemical reaction; I is the charge and discharge

current, A; F is the Faraday constant, which is 96484.5C/mol.

2.1.2 Joule heat

This part of the heat is irreversible heat. Due to the accumulation of various materials
inside the battery, a non-negligible resistance is produced, and during charging and
discharging, the current passing through these materials generates heat. Joule heat is
the most significant part of the heat generated by lithium-ion batteries, and its

expression is as follows:
Q; = I°Re

Where I is the charge and discharge current and is the battery resistance.Re

2.1.3 Polarization heat
Lithium-ion batteries tend to polarize during charging and discharging. When current
passes through the electrodes and electrolyte, the electrode potential deviates from the

equilibrium electrode potential, a phenomenon known as polarization. Polarization
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mainly includes ohmic polarization, activation polarization and concentration
polarization. Since the polarization heat is difficult to calculate due to the influence of
current and ambient temperature, the polarization heat is calculated as Joule heat due

to internal resistance, and the expression is as follows:
— 2
Qp = IR,
Where I is the charge and discharge current and is the polarization heat equivalent

resistance.Rp

2.1.4 Side reaction heat

During the charging and discharging process of lithium-ion batteries, a small amount
of side reactions are produced, accompanied by the generation of heat, which is
known as side reaction heat. There are two main causes of by-reaction heat: one is the
decomposition of materials due to the battery's own discharge, and the other is the
decomposition of the electrolyte. Since this part of the heat is very small, it can be
ignored when considering the heat generation of lithium-ion batteries, and only the

heat of chemical reactions, joule heat and polarization heat are considered.

2.2 The mechanism of heat transfer in lithium-ion batteries

The main modes of heat transfer include conduction, convection and radiation. Heat
conduction is the transfer of heat within an object or between contact surfaces caused
by the thermal motion of molecules or atoms; Thermal convection is the exchange of
heat between a fluid and a solid surface due to relative motion; Thermal radiation
transfers heat through electromagnetic waves in the absence of a medium. Due to the
low operating temperature of lithium-ion batteries, the radiation effect is weak, and

this paper only considers heat conduction and heat convection.

2.2.1 Heat conduction
The process by which heat is transferred through the microscopic movement of

molecules within an object or at the contact surface between different objects due to
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temperature differences is called heat conduction. Heat conduction occurs in all parts

of a lithium-ion battery, and the formula is:

oT
q =—Agradt =—A—
on

2.2.2 Thermal convection

Convective heat transfer refers to the heat transfer process resulting from the
continuous movement of a fluid and the relative displacement of a solid surface.
Thermal convection can be divided into natural convection and forced convection.
Natural convection refers to the flow of fluid due to the difference in density caused
by the uneven temperature of the fluid. Forced convection refers to the flow of a fluid
due to a pressure difference caused by an external factor. Of the two flows, forced

convection has a faster flow rate and a greater heat transfer coefficient.

The formula for convective heat transfer is Newton's cooling formulat'™):

q= (tw - tf)
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3. Numerical simulation study of temperature field in lithium-ion

battery packs

3.1 Finite element model and control equation

In computational fluid dynamics (CFD), the equations of conservation of mass,
conservation of momentum, and conservation of energy are fundamental
mathematical equations that describe the basic physical processes in fluid flow. These
equations help us analyze phenomena such as fluid motion, heat transfer, and
turbulence by simulating changes in physical quantities such as the fluid's mass,

momentum, and energy within the fluid volume.

3.1.1 Equations of conservation of mass

The law of conservation of mass states that the mass of a substance before and after a
process is constant. The equation of conservation of mass, also known as the
continuity equation, can be described as the mass of the static flow into a micron per
unit time being equal to the mass increase of the micron in the same period of time. Its
expression is as follows:

@_'_apu_'_apv_'_apw:
ot o0x oy 0z

0

Where p is the density of the fluid; t is the flow time; u, v, w are the components of

velocity in the x, y, and z directions respectively.

3.1.2 Equation of conservation of momentum

The law of conservation of momentum is also a law that all fluid systems must follow.
It can be described as the rate of change of fluid momentum in a micron with respect
to time being equal to the sum of all external forces acting on the micron, as shown in

the following equation:

@ + div(puu) = opu N dpuu N ovu owu
ot ot oy 0z
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@ + div(pvu) = opv . dpuv N ow  owv
ot ot oy 0z
opw opw . opuw N ovw  oww

—— + div(puw) =
ot (puw) ot ot oy 0z

Where p is the fluid density; t is the flow time; u, v, w are the components of velocity

in the X, y, and z directions respectively.

3.1.3 Energy conservation equation

The law of conservation of energy, also known as the first law of thermodynamics,
can be described in the process of heat exchange between a battery pack and a fluid as
the increase in the thermal mechanical energy of any microelement in the air region
near the battery being equal to the static heat entering the fluid and the work done by

other external forces on the microelement, as follows:

T, div(puT) = div(—~ gradT) + ST
ot g o °

Where A is the thermal conductivity of the fluid; ST is the heat source within the fluid,

cp is the specific heat capacity of air.

3.2 Establishment of battery pack model
3.2.1 Physical model establishment

First, the battery simulation physical model is established as shown in Figure 1

z
Y\i/'x

Figure 1. Battery pack simulation physical model



17

Figure 1 shows a thermal management model of a battery pack consisting of 12 18650
lithium-ion cells is constructed based on the COMSOL Multiphysics 6.3 platform.
The cells are cylindrical, with dimensions of 10 mm in diameter and 50 mm in height,

arranged in 3%4 in an air space of 100 mm x 100 mm x 100 mm.

The battery spacing is 20 mm. The entire battery pack is enclosed in an air flow
channel, with air inlets and outlets at each end, both 20 mm X 20 mm in size, for
simulating the heat dissipation process under forced air cooling conditions. Air enters
from the air inlet at a constant speed of 0.1m /s, flows around the surface of the
battery through a pipe, and is discharged from the outlet, thus taking away the heat

generated during operation.

3.2.2 Establishment of the mathematical model
In order to accurately describe the coupling effect between the thermal behavior of
batteries and the air cooling process, this paper adopts a multi-physics field coupling
modeling method, mainly including modules such as solid heat conduction, laminar
flow, and non-isothermal flow, to reflect the multi-field coupling effect between
battery heat release and air convection heat dissipation.
(1) Flow field control equations

In this paper, the battery box is sealed and insulated at all positions except the inlet
and outlet, so the flow of air within the box can be regarded as the flow inside the
tube. The flow state of the fluid is judged to be laminar or turbulent based on the size
of one of the criterion numbers, the Reynolds number. Flow is laminar when Re is
below 2000, turbulent when Re is above 4000, and transitional flow when Re is
between 2000 and 4000, which is generally considered turbulent!'®! in the calculation.
The formula for calculating the Reynolds number Re is as follows:

Re = pvl/u
In the above formula, p is the dynamic viscosity of air in Kg'm ~ ' :s = !; 1 is the

characteristic length of the tube, in m.
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There are many turbulence models in the COMSOL Multiphysics software, but the
k-& model is used to solve a wide range of flow problems due to its good stability,
high adaptability and high accuracy. In the turbulence model, k represents turbulent
kinetic energy and ¢ represents dissipation rate. Considering that the air flow rate is
much lower than the speed of sound, air is treated as an incompressible fluid in the
simulation. For air, the change in its density with pressure can thus be ignored. Use a
MUMPS solver suitable for solving the flow domain in the simulation calculations.
(2) Heat conduction equations (battery and air)

In solid batteries and air fluids, the heat conduction equation and the conservation of
energy equation are used respectively to describe the evolution of the temperature

distribution

Battery domain (solid) heat conduction equations:

P OT/ot=V - (ks VT) +Q

Air domain (fluid) energy equation:

pfc” (@ - VT)=V - (kfVT)

Where T is the temperature; ps, ¢, ks are the density, specific heat capacity and thermal
conductivity of the battery material, respectively; pf,c youdaoplaceholder2, kf are the
density, specific heat capacity and thermal conductivity of air, respectively; Q is the
heat source term, which in this paper is simulated as surface heat flux, representing

the heat generated inside the cell due to electrochemical reactions and ohmic losses.

The above control equations are coupled through the "non-isothermal flow"
Multiphysics interface of COMSOL Multiphysics, enabling dynamic linkage between
aerodynamic behavior and thermal conduction behavior. The system coupling solves
the spatial distribution of the velocity field, temperature field and heat source term,

reflecting the heat transfer nature of the air-cooled heat dissipation process.
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3.3 Setting of boundary conditions
To ensure the physical accuracy of the simulation boundary conditions, the boundary
conditions are as shown in table 1:

Table 1: Setting of Boundary Conditions

Region Type Condition description

Air intake Speed inlet Normal velocity v=0.1m/s

temperature 7=293.15K

Air outlet Pressure outlet p=1latm, turn on the
backflow suppression

option

Battery surface Heat flux boundary Uniform heat source g=10,
simulate the exothermic

processW/m?

Air domain surface No sliding walls All walls are set to
non-slip conditions, and
thermal boundaries are set

to adiabatic

Initial conditions - The temperature of all
regions is initially
293.15K and the velocity

field is initially zero field

(stationary)

3.4 Distribution characteristics of battery pack temperature field without heat
dissipation
The following figure shows the temperature field results under the conditions of an

initial temperature of 293.15K, an inlet velocity of 0.1m/s, and an outlet pressure of




20

latm.

(a) (b)

Figure 2. Isothermal surface distribution and temperature field diagram of the

lithium-ion battery pack

Figure 2 shows a peak of 304.091 K near the battery bottom by the outlet and a low of
294.499 K at the inlet. Overall, the air domain displays a lower temperature at the top
and higher at the bottom. The isothermal surface map reveals a cool airflow path
above the battery, while the lower compartment forms a "valley" with higher
temperatures in the center. The temperature ranges from 293.041 K to 306.415 K, with
a difference of about 13.374 K.

Further analysis of the flow field in the air domain inside the power battery

compartment is shown in Figure 3.

(a) (b)
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Figure 3. Main view and side view of the temperature field and flow of the

lithium-ion battery pack

(a) The image on the left is a 3D perspective view. It shows an array of cylindrical
battery cells placed inside a transparent airflow domain. The color gradient bar
represents the temperature distribution (unit: K), ranging from low temperatures in
dark blue to high temperatures in red. The arrows on the right indicate the velocity
vector field, visualizing the direction and magnitude of the airflow, with the
corresponding unit m/s labeled next to the color bar. It can be observed that the inlet

airflow bypasses the battery array and creates disturbances behind it.

(b) The image on the right is a front view (directly facing the inlet). It similarly
displays the temperature distribution of the battery array and the airflow vectors.
Compared to (a), this view more clearly illustrates how the inlet airflow is blocked by
the battery array and diverted around the top and sides. Both temperature and velocity

distributions are clearly visible.

Finally, we conduct a final analysis of the surface temperature and flow field of the

lithium battery cell, as shown in Figure 4:

Wi E.
A -
" jL - -

B ) 1 ;'- | £
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Figure 4.Side view and top view of the surface temperature distribution and current

field of the cells in the lithium battery pack
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From (a), it can be seen that the cell temperature shows a gradual increase from the
inlet to the outlet: the cell near the inlet has a lower temperature (about 297 K), while
the cell near the outlet has a maximum temperature of 306 K, indicating that the
airflow continuously absorbs heat as it flows through, resulting in a decrease in
cooling effect in the later section. In addition, the temperature on both sides of the cell
is slightly higher than that in the middle, suggesting a possible phenomenon of

"smooth flow in the middle and stagnant flow on both sides".

(b) shows a side view of the flow field, with the air velocity at the entrance dropping
sharply to 0.06-0.1 m/s, forming laminar flow; The airflow in the middle diverts and
lifts, flowing "obliquely upward", further intensifying the cooling in the middle area,

while the edge cooling is insufficient.

(c) shows the air flow path from a top view. The cold air mainly flows along the
central channel. The air flow on both sides of the channel is weak and prone to form
"temperature dead zones", and local backflow occurs in the front and middle-upper

areas, resulting in local heat accumulation.

Simulation results show that under the base condition of an intake air velocity of
0.1m/s, the maximum temperature inside the battery pack is 306 K, the minimum
temperature is 294 K, and the maximum temperature rise is less than 12 K. Under this
air duct structure, after the cold air enters the battery pack, the main stream deviates
from some cells along the inclined upward path, resulting in an uneven distribution of
the internal flow field and insufficient cooling. In particular, the temperature of the
cells near the inlet is relatively high. At the same time, the high-speed turbulence
above the outlet not only increases the pressure loss but may also create an
asymmetric heat dissipation effect, thereby affecting the temperature consistency and
lifespan consistency between cells. Therefore, the duct structure needs to be optimized
or the cell arrangement adjusted to improve the overall cooling efficiency and thermal

management uniformity.
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4. Research and optimization of battery pack heat dissipation

methods

During operation, power batteries continuously release heat. If this heat is not
dissipated in time, it can easily lead to excessively high temperatures, affecting safety
and lifespan. For this reason, the thermal management system (TMS) becomes a key
element in battery pack design. Common methods include natural cooling, air cooling,
liquid cooling, phase change materials, and thermoelectric cooling, among which
forced air cooling is widely used in small electric vehicles and energy storage systems
due to its simple structure, low cost, and easy maintenance. Based on the maximum
and minimum temperatures, as well as the temperature difference and flow field, this
paper focuses on the effects of various parameters on heat dissipation under air

cooling conditions.

4.1 The effect of each parameter on the cooling effect in forced air cooling

4.1.1 The effect of inlet wind speed on battery heat dissipation
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Figure 5. Side view of temperature and flow field of the lithium-ion battery at

different inlet wind speeds

The left image shows the air inlet velocity at 0.1m/s (as shown in (a)). From the image,
we can see that the airflow velocity is lower at this wind speed. The arrows are sparse

and bluish in color, indicating that the flow velocity is mostly concentrated in the
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range of 0.02-0.06 m/s. And the airflow distribution is mainly concentrated in the
upper part of the cell array, with obvious velocity attenuation in the middle and lower
parts, and local areas with backflow (reverse arrow) and stagflation zones. Especially
in the lower and lower right corner areas of the array. Finally, under this custom, the

airflow is less penetrating, making it difficult to fully cover the surface of the cells.

(b) shows the flow field distribution when the air inlet velocity is increased to 0.3 m/s.
By increasing the air velocity at the air inlet, the airflow velocity was significantly
enhanced, the main path arrows were dense and reddish, and the maximum flow
velocity exceeded 0.35 m/s. And the airflow can quickly pass through the cell array,
creating a distinct high-velocity channel. For the bottom and edge areas, the airflow is
significantly activated, effectively reducing stagflation and dead corners. Finally, the
channel as a whole forms a convective pattern with uniform flow lines and clear

directions.

We will further analyze the temperature of the cell from the temperature cloud

diagram below:

(a) (b)

Figure 6. Temperature cloud map of lithium-ion battery at different air speeds

For the (a), when the air inlet wind speed is set at 0.1m /s, the maximum temperature
of the cell is 306K and the minimum temperature is 294K. There is a distinct

high-temperature area where heat accumulates in the center and downstream of the
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array, indicating uneven heat dissipation of the cell under this heat dissipation pattern,

with a temperature difference of up to 12K and weak cooling performance.

When the air inlet wind speed was increased to 0.3m /s (as shown in (a)), the cell
temperature dropped to 294-299K, the temperature difference narrowed to 5K, the
high-temperature area almost disappeared, and the overall temperature distribution

became more uniform, showing a stronger cooling effect.

The following table shows the comparison of cell temperature and flow field with

inlet wind speeds of 0.1m /s and 0.3m/s:

Table 2. Comparison of temperature and flow field at different inlet wind speeds

Metrics 0.1 m/s 0.3 m/s

Maximum flow rate About 0.12 m/s Over 0.35 m/s

Airflow coverage range | Upper concentration, local | Full coverage, even flow

stagnation
Stagflation/backflow Obviously present Significant reduction
Temperature range 294-306K 294-299K
Temperature difference 12K 5K
Heat dissipation efficiency Poor Better

It can be seen from the above comparison that appropriately increasing the intake air
velocity can significantly improve the flow field distribution around the cell, enhance
the convective heat transfer capacity of the airflow, and effectively reduce the
temperature gradient and high temperature risk. Especially when the wind speed is
increased to 0.3 m/s, the airflow can pass through the entire array, activating heat

exchange in the bottom and corner areas and forming a more ideal cooling channel.

However, it should be noted that high wind speeds may increase system energy
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consumption and noise, and may pose a risk of local turbulence and backflow in
complex or space-limited systems. Therefore, 0.3 m/s is the most ideal wind speed
setting in this study, which performs best in terms of cooling efficiency and system

feasibility.

4.1.2 The impact of inlet and outlet sizes on battery heat dissipation
For ease of calculation, in the modeling, the inlet and outlet sizes are set to 20 mm(a)

and 40 mm(b) respectively, as shown in the following figure:

i

(a) (b)

Figure 7. Geometric modeling with the inlet and outlet sizes set to 20 mm (left) and

40 mm (right)

The following are side views of the flow field under different inlet and outlet areas:
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Figure 8. Temperature and flow field side view of the lithium-ion battery at different



27

inlet and outlet areas

(a) shows the working condition where the inlet and outlet sizes are set to 20 mm.
From the image, we can see that the wind speed at the inlet is approximately 0.1
m/s-0.12 m/s. The arrows are shorter and the distribution is sparser, indicating that the
airflow intensity is weaker at the current area. And the airflow is concentrated in the
upper area, with stagflation and local backflow in the middle and lower parts. The
flow direction in the marginal area is disordered, the air volume is uneven, and the
flow is poor. Finally, the airflow is difficult to penetrate the entire cell array, resulting

in a significant reduction in downstream heat exchange efficiency.

(b) shows that when the inlet and outlet sizes are set to 40 mm, the range of airflow
velocity under this heat dissipation structure increases, the arrow length is more
obvious, the flow line color shows that the flow velocity can reach 0.15 m/s, and the
main airflow channel is stable, the airflow runs through the entire cell channel, the
distribution is denser, and the direction is orderly. Finally, the phenomenon of
stagnation and backflow is significantly reduced, and there is also flow coverage in
the bottom and corner areas. Under this condition, the kinetic energy of the airflow is

stronger, forming a stable convection and increasing the uniformity of cooling.

The following are temperature cloud maps of lithium-ion batteries at different inlet

areas. See Figure 9:

208
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Figure 9. Temperature cloud map of lithium-ion battery at different inlet areas

When the air inlet size is set to 20 mm(As shown in (a)), the cell temperature range is
294 K-306K, with a temperature difference of about 12K. The middle and air outlet
areas show a large area of orange-red, indicating severe heat accumulation. And under
this heat dissipation structure, the heat dissipation of the cells is uneven, with obvious

high-temperature zones and heat island effects.

When the size of the air inlet was increased to 40 mm(As shown in (b)), the
temperature distribution of the cells improved significantly. The temperature range
was 294K-299K, the temperature difference was reduced to about 5K, the area of the
high-temperature zone was reduced, most cells were in the green to light orange zone,
and the temperature field was stable. Finally, the heat was effectively discharged
along the airflow direction, indicating a significant improvement in the system's heat

exchange efficiency.

The following table shows the comparison of cell temperature and flow field with air

inlet sizes of 20 mm and 40 mm:

Table 3. Comparison of temperature and current field under different inlet and

outlet sizes

Indicator 20 mm 40 mm
Maximum temperature 306K 299K
Temperature difference 12K 5K

range
Airflow structure Weak penetration, local Full coverage, clear
stagnation direction
Thermal distribution Heat island obvious Uniform diffusion
Heat dissipation efficiency Poor Better
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The ventilation structure represented by 40 mm has higher cooling efficiency and
better flow distribution, which enhances the coverage and penetration of the airflow
throughout the cell array, effectively avoiding high temperature concentration and
heat exchange blind spots. Therefore, the ventilation strategy corresponding to 40 mm
is more suitable as an optimization direction for air-cooled heat dissipation systems in
practical engineering, especially in electric vehicle battery modules or energy storage

systems with high heat dissipation requirements.

4.1.3 The impact of inlet and outlet relative positions on battery heat dissipation
In this experiment, to demonstrate different inlet and outlet positions, the ventilation
ducts were modified respectively. (a) shows parallel inlet and outlet, and (b) shows a

heat dissipation duct with an inlet and outlet position difference of 20 mm.

o o

(a) (b)

Figure 10. Geometric modeling of the different inlet and outlet positions

The following are side views of the flow field at different inlet and outlet positions:
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(a) (b)

Figure 11. Temperature and flow field side view at different inlet and outlet positions

(a) shows the working condition with parallel inlet and outlet positions. From the
figure, we can see that the main airflow enters from the left and then flows in a
parallel pattern along the horizontal direction of the cell array, and the flow line is
relatively complete as a whole; The air outlet is located on the upper side, which leads
to an enhanced upward tendency of the airflow, with stronger kinetic energy of the gas
in the middle and upper parts; And there is obvious stagnation and backflow in the
lower and lower right corner areas of the array, making it difficult for the hot air to be

discharged in time and creating heat exchange dead corners.

(b) shows the situation where the inlet and outlet positions differ by 20 mm. Under
this structure, after the gas enters, it forms a downward pressurized airflow. The cold
air penetrates the entire cell array from the top, and the flow lines are more uniform
and compact, covering a wider area. The airflow on the sides and below of the cells is

enhanced, forming a stable convection channel as a whole.

We will continue to analyze the temperature distribution map below:
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(a) (b)

Figure 12. Temperature cloud map at different inlet and outlet locations

(a) Shows the entering and exiting in parallel, the temperature range of the battery
cells is 294-306K, with a temperature difference exceeding 11K, and the heat is
significantly accumulated in the middle and lower part of the array, especially in the
right battery cells near the air outlet end. The overall color distribution is uneven from
top to bottom, with the lower part being mostly orange-red and the upper part being
light, indicating a significant difference in heat exchange efficiency. Under this
structure, the heat dissipation capacity of the telecommunications is relatively weak

and the system security is poor.

(b) shows that when the difference between the inlet and outlet is 20 mm, the
temperature range is approximately 294K-308K, with a slightly higher temperature
difference, but the peaks are concentrated on the surface of individual cells, and the
array temperature distribution is more uniform as the airflow promotes heat exchange
from top to bottom. And the downstream temperature gradient is slower, and the
ability to dissipate heat with the airflow is enhanced, making it more suitable for

operating conditions with high array density and strong thermal load.

The following table shows the comparison of cell temperature and flow field at

different air inlet and outlet positions:
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Table 4. Comparison of temperature and current field at different inlet and outlet

locations
Indicators Parallel The difference is 20 mm
Flow path Horizontal through, Sweep vertically and sink

upward trend

out

Airflow dead corners

The bottom and the lower

There are no obvious dead

right corner are obvious corners
Temperature difference 12K 14K (but evenly
range distributed)

Location of heat

accumulation

Lower concentration

Local small area heat

accumulation

Heat dissipation efficiency

Poor

Better

The lower air outlet structure with an inlet and outlet difference of 20 mm, although

slightly higher overall temperature difference, has stronger airflow penetration and

more uniform heat distribution, which can effectively prevent large areas of heat

accumulation and is more suitable for cell array design scenarios with high heat flux

or continuous heat dissipation. The upper air outlet design with parallel inlets and

outlets is limited by natural convection and backflow problems, resulting in poor heat

exchange performance in the bottom area and the need for further optimization of the

air duct layout.
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5 Conclusions

In this paper, based on the COMSOL Multiphysics simulation platform, a
three-dimensional thermal-flow coupling model was constructed around the battery
pack composed of 18650 cylindrical lithium-ion batteries, and the effects of different
structural parameters on the temperature field and flow field distribution of the battery
under air-cooled heat dissipation conditions were systematically studied. Through
multiple sets of comparative simulations of three key parameters, namely wind speed,

vent area, and inlet and outlet positions, the following conclusions were drawn:

1. Wind speed has the most significant effect on cooling performance. When the air
inlet wind speed was increased from 0.1m /s to 0.3m /s, the battery's maximum
temperature dropped from 306K to 299K, the temperature difference was significantly
reduced from 12K to 5K, the flow field became more uniform, the stagnant area was
greatly reduced, and the cooling efficiency was significantly improved, indicating that
increasing the wind speed helps to enhance airflow penetration and heat dissipation

capacity.

2. The expansion of the vent area can effectively improve the uniformity of
temperature. When the inlet and outlet dimensions were increased from 20 mm to 40
mm, the maximum temperature difference of the system decreased by approximately
7K, and the heat accumulation area was significantly reduced. Expanding the inlet and
outlet area enhances mainstream airflow, reduces heat exchange dead zones, improves
cooling uniformity, and is particularly suitable for conditions where cells are densely

arranged.

3. Optimizing the relative positions of the inlet and outlet helps to improve the lower
heat dissipation blind zone. When there is a 20 mm height difference between the inlet
and outlet, the airflow sinks and covers, the heat discharge path is more reasonable,

and the temperature distribution is more uniform. Although the temperature difference
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is slightly higher than the parallel inlet and outlet (14K vs12K), the heat accumulation
is smaller and the heat dissipation area distribution is more reasonable, suitable for

medium to high heat flux scenarios.

4. Overall, the combination scheme with wind speed of 0.3m /s, inlet and outlet area
of 40mm x 40mm, and inlet and outlet offset arrangement has the best heat
dissipation performance. This structure ensures temperature uniformity, reduces the
high-temperature area, enhances the stability of the flow field, and also has good
engineering feasibility, providing a theoretical basis and simulation support for the
subsequent optimization design of the lithium battery pack thermal management

system.

The proposed optimization strategy applies to portable energy storage and EV battery
modules, offering a practical reference for efficient and safe lithium battery thermal

management.
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