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A B S T R A C T   

Lithium-ion batteries are widely regarded as the primary source of power for electric cars due to their high 
energy density, long lifespan, and lack of memory effect. However, their efficacy and safety greatly depend on 
the temperature at which they operate. Therefore, a battery thermal management system (BTMS) is crucial to 
ensure the safety of an electric vehicle. This research presents a model of a BTMS that employs a single cylin
drical lithium-ion with longitudinal and spiral fins on the cell surface to investigate its cooling effectiveness. 
Effects of the fin’s number, rotation, thickness, length, and position are assessed at various current rates. The 
results show that the fins reduce the maximum cell temperature when compared to a finless case and become 
more effective at a low Reynolds number. Despite the fact that increasing the number of fins enhances the heat 
transfer area, when the number of fin reaches more than 3, they become a barrier to the flow around the cell and 
hence increase the battery temperature. The orientation of the fin also has a significantly impact on the heat 
transfer between the cell and air cooling, with the cell temperature rising by 1.5 ◦C when compared to the half- 
length of a longitudinal fin. However, the cooling benefit is found to be very modest when the half-fin is placed in 
various locations on the battery surface (i.e., top, middle, and bottom). Furthermore, compared to the longitu
dinal fins, the spiral fins reduce the cell temperature by 3.2%, resulting in a 65.6% reduction in material usage.   

1. Introduction 

Global warming is one of the greatest threats facing the modern 
world, and the transport sector contributes to 24.3% of the total world’s 
CO2 emissions [1], of which motor vehicles account for a large share [2]. 
Therefore, adopting electric vehicles (EVs) have the great potential to 
drastically reduce greenhouse gas emissions. 

Batteries are considered one of the essential components of EVs. 
Lithium-ion batteries (LIBs) are prevalent in EVs because of their high- 
energy density, long lifespan, and environmental friendliness [3]. 
However, LIBs generate heat when charging and discharging; and as 
heat is incapable of being carried from batteries, temperature within a 
battery pack increases rapidly. A high temperature can significantly 
affect the battery’s thermal performance and lifespan, and a local high 
temperature can also increase the temperature difference in battery 
packs, further shortening the cell’s service life. Moreover, a heat accu
mulation in one battery may trigger a series of exothermic chemical 
reactions, leading to an express increase in battery temperature [4]. 
Considering variation in ambient temperature in different world re
gions, LIBs generally operate between − 20 and 60 ◦C [5]. On the other 

hand, an optimum operating temperature stays between 25 and 50 ◦C 
[6–8] and LIBs are electrically connected in series and parallel to form a 
pack to satisfy the power requirement for an EV. Therefore, uniformity 
of the cell temperature in battery pack should be maintained as homo
geneous as possible and should not exceed 5 ◦C [9]. To date, various 
strategies have been implemented for battery thermal management to 
ensure an optimum operating temperature such as air cooling/heating, 
liquid cooling/heating, phase change materials (PCM) and a combina
tion of these [10]. A liquid coolant has a high heat transfer coefficient, 
making it an efficient and compact cooling medium. However, a typical 
liquid cooling system has a massive and complex structure that requires 
high investment costs and power consumption [11]. In contrast, air 
cooling and PCM both have a lower specific heat capacity and a thermal 
conductivity than a liquid system, resulting in an inefficient process of 
heat transfer. As a result, cooling fin becomes an effective and simple 
method to increase the heat removal and simultaneously to reduce the 
high temperature in a battery pack. 

Moreover, PCM is a passive cooling system that utilises its latent heat 
capacity to restore the heat generated by battery and control its tem
perature. As PCMs have low thermal conductivity, several studies have 
been conducted to improve the PCMs’ thermal conductivity by attaching 
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fins on the surface of battery cells [12–17]. Wang et al. [12] suggested 
using a cylindrical battery with straight vertical fins in a PCM cooling 
system. They experimentally demonstrated that the best cooling per
formance of the system is achieved with a total of eight rectangular fins. 
Huang et al. [13] also reported that the use of fins enhanced the PCM 
thermal conductivity and thus enlarged the heat exchanger area with a 
cooling medium. The maximum temperature and its difference for an 
optimum BTMS reported to decrease by 38.72% and 40.09%, respec
tively. Lei et al. [14], on the other hand, used aluminium fins and foam 
to enhance the thermal conductivity of PCM to maintain the battery 
temperature. In contrast, Zhang et al. [15] investigated another method 
of adding fins to a liquid cooling channel in a PCM cooling system. It was 
disclosed that both the battery’s maximum and cell temperatures 
decreased. Ping et al. [16] examined the effect of fin thickness in a PCM 
battery module. Ramin and Babak [17] analysed the effect of inclination 
angle on a finned enclosure in a natural convection-driven flow. Another 
study [18] demonstrated that using fins with PCM in a BTMS could also 
lower the battery temperature. However, PCM cooling systems have yet 
to make a breakthrough in EV industry due to their high cost, leaking 
concerns and stringent structural requirements, and also they need to be 
regenerated after being completely melted [19,20]. 

On the other hand, air-cooling systems (ACSs) are mainly applied in 
light-duty EVs having small-size battery packs [21]. Owing to their 
simple structure and configuration, low initial and maintenance cost, 
simple integration and no risk of leakage, it is found to be more 
favourable compared to PCM and liquid cooling methods [22]. More
over, ACSs can significantly reduce the battery manufacturing cost, thus 
directly lowering the price of EVs [18,19]. However, despite its ad
vantages, a poor convective heat transfer coefficient of air often cannot 
meet the heat dissipation requirement for heavy-duty EVs; also, it is 
associated with the problem of significant temperature non-uniformity 
in battery pack [23]. Therefore, heat removal enhancement of a bat
tery is achieved by Zhang et al. [24] using various fin heat sink geom
etries. The effect of surface anodisation was considered; and inclined 
interrupted fins with surface anodization provided the best thermal 
performance compared to other fins’ geometries. Notably, the perfor
mance increased by 27 % when compared to a typical heat sink because 
of the enlarged area, resulted in the increased convection heat transfer. 
A radiator with a bionic surface structure was proposed by Yang et al. 
[25]. In the study, the maximum temperature and temperature differ
ence were computed for three different types of fins (rectangle, trape
zoid and ellipse) with various thickness, height and length. Another 

study by Chen et al. [26] dealt with a 3D CFD modelling for the detailed 
cell-level thermal and pressure drop performance of the ACS concept for 
battery packs. The fin configurations, pin–fin channel, and fin outside 
design cooling concepts did not satisfy the thermal requirements. 

In a subsequent study, four alternative cooling techniques were 
examined by Chen et al. [27]; and according to their assumptions, a 
simple air cooling requires more energy than a direct, indirect, and fin 
cooling. Temperature uniformity of LIBs and maintaining temperature 
within the acceptable range for efficient operation are addressed by Gao 
et al. [28], where fins, made of aluminium alloy or graphite sheets, are 
applied between the prismatic battery cells. Graphite sheet fins provided 
better temperature uniformity than aluminium alloy fins because of 
their higher thermal conductivity than aluminium. Mohammadian et al. 
[29,30] incorporated porous aluminium foams into an air-cooling 
aluminium pin–fin heat sink. A 70% inner surface coverage of cooling 
channel with aluminium pin fins and porous aluminium foam insertions 
was proposed to achieve an ideal temperature uniformity and minimise 
the maximum temperature. Within the context of ACS, thermal man
agement of a Li-ion battery pack was also studied by Shahabeddin and 
Yuwen [31], in which a three-dimensional transient thermal analysis 
consisting a special kind of pin fin heat sink was performed. The effects 
of pin fins arrangements, discharge rates, inlet airflow velocities, and 
inlet air temperatures on the battery were investigated. The results 
showed that the heat sink without pin fins not only decreased the bulk 
temperature inside the battery, but also reduced the standard deviation 
of the temperature field inside the battery. 

An air-cooled battery module with a thermally conductive heat 
spreading plate (HSP) was investigated numerically by Yefei et al. [22]. 
The cylindrical batteries were arranged in 4 × 5 aligned arrays and the 
HSP was placed at the middle of the batteries. Multi-objective optimi
zation of a double-layer HSP case was conducted including the thick
ness, length of sleeve tube, downstream length of HSP, and spacing of 
the adjacent battery cells. Both the temperature rise and the difference 
in the optimised battery module were found to decrease by 36.48% and 
44.36%, respectively. Cheng et al. [32] designed a finned forced air- 
cooled BTM, with aluminium herringbone fins connected to 18650 cy
lindrical LIBs. They concluded that the battery pack with fins reduced 
the maximum temperature rise of the battery by 17.63%. Li et al. [20] 
presented another ACS for LIBs with herringbone fins in a staggered cell 
layout and it reduced the average battery temperature by 4.15 ◦C at the 
discharging rate of 3C. Whereas Zhao et al. [33] used a cooling plate 
with a pin–fin to study the battery heat generation rate at a specific 

Nomenclature 

A equation coefficient 
wf, Lf, tf dimensions of fin (m) 
ui ith component of velocity (m/s) 
xi ith component of coordinate (m) 
C1, C2, Cμ parameters in the k-ε turbulence model 
C-rate Charge and discharge current with respect to its nominal 

capacity 
Cp specific heat (J/kg) 
p pressure (Pa) 
Δp pressure drops (Pa) 
k turbulent kinetic energy (m2 /s2) 
h convective heat transfer coefficient 
V total velocity of air (m/s) 
Dh hydraulic diameter of the duct (m) 
QT heat transfer rate (W/m2) 
ṁ air mass flow rate (kg/s) 
t time (s) 
N number of fins 

T temperature (◦C) 
Re Reynolds number 
SOC state of charge 
RE relative error 
PCM phase change material 

Greek symbols 
ρ density (kg/m3) 
ε dissipation rate of turbulent kinetic energy (m2/s3) 
δk, δε, δT parameters of the k-ε turbulence model 
λ thermal conductivity, (W/m⋅K) 
µ dynamic viscosity (Pa⋅s) 
φ heat source intensity (W/m3) 

Subscripts 
a air 
b battery 
exp experimental 
num numerical 
t turbulent  
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discharge rate of 5C. The study concluded that the cooling plate with 
different size of pin-fins improves the battery’s thermal performance. 
The results reported also showed that the fins significantly affect the 
cooling performance, allowing for the optimum battery temperature 
with the maximum temperature for batteries ranging between 15 ◦C and 
35 ◦C. However, the fins were insufficient to maintain the temperature 
uniformity for a 5 ◦C temperature difference in the entire module vol
ume. The distances between batteries and airflow direction were also 
decisive for a successful thermal design. 

To summarise, as per the literature review above, the impacts of fins 
on the battery thermal performance have been studied by some re
searchers in some extend. However, most researchers used prismatic and 
pouch cells, which allowed them to attach the fins to the flat surface of a 
battery cell. Although fins can be used to enhance cooling in BTMS, 
there are still significant scientific knowledge gaps in understanding the 
efficiency of cooling fins in air-cooling cylindrical cells, which have a 
higher energy density than those types of cells [34]. By integrating the 
fins into the cylindrical cells, the system becomes overly compact due to 
the small size of the cells and the limited space of the battery back in 
EVs, making it extremely difficult to keep the battery back at the optimal 
operating temperature. 

To address these knowledge gaps, in this paper a single cylindrical 
lithium battery module with cooling fins is designed and analysed using 
CFD simulation. The performances of the cell battery with ACS under 
different heat generation rates are investigated numerically. Both the 
transient internal and external temperatures for the battery are exam
ined. The effects of the discharge rates and number, thickness, length, 
and rotation of the fins are investigated for the thermal performance of 
the cell based on the quantified heat generation rate of a commercial cell 

21700 (NCM811). The effects of the loop of the spiral fins on heat 
dissipation are investigated, and the results are compared with the 
vertical fin’s outcome. Since 21700 (NCM811) is a new generation of the 
battery and the published works on these cells are very limited, this 
study characterising the thermal performance of this specific LIB cell is 
crucial in the development and designing of a full-scale air-cooling 
BTMS. 

This paper is divided into four sections, including the current section. 
Section 2 describes the model geometry and provides the details of the 
governing equations and numerical methods used to solve them, and in 
Section 3, the results are summarised and discussed in detail. Finally, 
conclusions of the study are provided in Section 4. 

2. Geometry and numerical methods 

2.1. Geometrical model 

A LiNi0.8Co0.1Mn0.1O2 (NCM811) lithium-ion is regarded as one of 
the most competent positive electrode materials for LIBs [36]. The basic 
parameters of LIB 21700 type are considered and presented in Table 1. 
An air-cooled BTMS having Z-shape is one of the most used air-cooled 
BTMSs [37]. A 3D model of the battery and the geometry of LIBs with 
and without fins is shown in Fig. 1(a-d). 

According to the literature survey, rectangular fins exhibit promising 
thermal performance in a variety of heat transfer applications [40]. 
Hence, the first part of the study is carried out using rectangular fins to 
investigate the effects of the fin number, rotation, thickness and length 
on the thermal performance of the module. The fins are attached to the 
21700 Li-ion battery surface and extended into the surrounding air, with 
aluminium being chosen due to its low cost and lightweight [20], the 
thermal properties of aluminium and air are shown in Table 2. Secondly, 

Table 1 
Thermal physical properties of battery [38,39].  

Parameters Value 

Diameter 21 mm 
Height 70 mm 
Volume 2.42 × 10-5 m3 

Mass 66.67 g 
Discharge Voltage 2.5 V 
Nominal Capacity 4.6Ah 
Nominal Voltage is 3.6 V 
Density 2751 kg.m− 3 

Specific heat capacity 1070 J/(j.kg− 1•K− 1)  

Fig. 1. (a) 3D model of a battery with vertical fins, (b) fin’s dimensions, (c) top view of the cell without fins, (d) - (g) top view of the cell with 1, 2, 3 and 4 fins 
respectively, (h) 3D model of the battery with a spiral fin. 

Table 2 
Thermal properties of aluminium and air [41].  

Material Density (kg/ 
m3) 

Specific Heat 
Capacity 
(J/kg K) 

Thermal 
Conductivity 
(W/m K) 

Viscosity 
(kg/m s− 1) 

Air  1.16307 1006.4  0.0242 1.6036 ×
10-5 

Aluminium  871  202.4 /  
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spiral fins with different loops will be applied around the battery, as 
shown in Fig. 1(h), and a comparison with the vertical fins will be 
reported. 

2.2. Governing equations 

The model is comprised of a cylindrical battery with internal heat 
generation and surrounding air; both the temperature and flow fields of 
the cell system should be calculated. Computational fluid dynamics 
(CFD) method is an effective way to calculate these fields. The governing 
equations are reported as follows [32–37]. 

Continuity equation 

∂ui

∂xi
= 0 (1) 

Momentum equation 

ρauj

∂ui

∂xj
= −

∂p
∂xi

+
∂

∂xj

[

(μ + μt)
∂ui

∂xj

]

(2)  

Turbulent kinetic energy (TKE) equation 

ρauj
∂k
∂xj

=
∂

∂xj

[(

μ +
μt

σk

)
∂k
∂xj

]

+
μt

2

(
∂ui

∂xj
+

∂uj

∂xi

)

− ρaε (3) 

Turbulent kinetic energy dissipation rate equation 

ρauj
∂ε
∂xj

=
∂

∂xj

[(

μ +
μt

σk

)
∂ε
∂xj

]

+ C1
μt

2

(
∂ui

∂xj
+

∂uj

∂xi

)2ε
k
− C2ρa

ε2

k
(4)  

Where μt = ρCμ
k2

ε (5)  

Where ui and uj are the average velocity components, p is the average 
pressure. ρa, ε and k are the air density, the dissipation rate of the TKE, 
respectively. μt and μ are the turbulent dynamic viscosity and air’s 
molecular dynamic viscosity coefficients, respectively. 

Typical values of the parameters in the k-ε turbulence model are 
taken as Cμ = 0.09; C1 = 1.44; C2 = 1.92; δk = 1.0; δε = 1.3; δT = 0.85 
[42]. 

In the battery cell, as the heat generation rate changes with time, the 
transient temperature equations which can be used to obtain the tem
perature field of the system, are shown as below: 

Energy transport equation for the airflow region 

ρaCp,a
∂Ta

∂t
+ ρaCp,auj

∂Ta

∂xj
=

∂
∂xj

[(

λa +
μt

σT

)
∂Ta

∂xj

]

(6)  

The energy conservation equation of the battery is as follows. 

ρbCp,b
∂Tb

∂t
=

∂
∂xj

[

λb,j
∂Ta

∂xj

]

+φ (7)  

Where Tb and Ta are the battery and air temperatures, respectively. λb 
and λa are the battery and air thermal conductivity, respectively. Cp,a is 
the air heat capacity and φ is the battery heat generation rate. 

The battery heat generation rate, which was experimentally deter
mined by Sheng et al. [39] as a function of the state of charge (SOC), is 
expressed as a function of time as required in the simulation. Therefore, 
galvanostatic discharge is applied so that the SOC varies linearly as a 
function of time. Then, the equivalent equation of heat generation as a 
function of time is obtained and integrated into the ANSYS Fluent solver 
to calculate the battery temperature during the discharge process. Four 
different discharge rates (i.e. current rates) at 1C, 1.5C, 2C and 2.5C 
were applied, respectively. Their contribution to the heat generation 
rate is shown in Table 3, where A is the equation coefficient, and t is the 
discharge time of the cell. 

2.3. Boundary conditions 

The following boundary conditions were set for the battery model to 
achieve an accurate solution.  

• Initial inlet air and battery temperature were set to be all 30 ◦C, and 
the ambient pressure was assumed to be standard atmospheric 
pressure.  

• Air inlet: velocity inlet; air outlet: a pressure outlet with a gauge 
pressure of 0 Pa.  

• Non-slip and adiabatic conditions are imposed on the surrounding 
walls of the system.  

• Fluid-solid interface: the contact surface between the battery surface 
and air was set as a fluid–solid coupling boundary.  

• The convective heat transfer coefficient between battery and air is 
written as follows [43]: 

h = 0.0374
(
kf /Dh

)
R0.8014

e (8)  

Re = ρaVDh/μa (9)  

Table 3 
Heat generation rate.  

Discharge rate φ = A0 + A1 t + A2 t2 + A3 t3 

A0 A1 A2 A3 R2 

1.0C  0.1628 4 × 10-04 − 3 × 10-07 9 × 10-11  0.9959 
1.5C  0.9988 1 × 10-05 − 1 × 10-07 1 × 10-10  0.9989 
2.0C  2.0905 − 6 × 10-4 6 × 10-07 7 × 10-11  0.9978 
2.5C  3.6299 9 × 10-4 − 2 × 10-06 2 × 10-09  0.9994  

Fig. 2. Cell temperature comparison between simulation and experiment at different discharge rates: (a) 1.5C and (b) 2.5C.  
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Where kf and μa are the thermal conductivity and the dynamic viscosity 
of air, respectively, and Dh is the hydraulic diameter of the duct. 

2.4. Numerical methods 

The commercial CFD programme ANSYS 2021R1 Fluent was used to 
perform the 3D numerical simulation in this work. Before this stage, 
SolidWorks software was used to create the physical models. The finite 
volume method in ANSYS used to discretise the governing equations 
with a second-order upwind scheme to solve the discretised equations, 
where the unknown quantities at the cell faces are computed by using a 
multidimensional linear reconstruction approach described in [44] to 
achieve even higher order at the cell faces through a Taylor series 
expansion of the cell centred solution about the cell centroid. The 
SIMPLE algorithm of Patankar [45] was then chosen to solve the 
pressure-based equation derived from the momentum and mass conti
nuity equations so that the velocity and pressure fields are coupled to 
each other and solved by adopting an iterative solution strategy. All 
these equations were solved sequentially and iteratively, and the 
relaxation factors for the pressure correction, density, momentum, and 
thermal energy were used as 0.3, 1, 0.7 and 1, respectively. 

2.5. Model verification 

To validate the numerical prediction of the battery cell heat gener
ation rate, a comparison is made with the experiment data of Sheng et al. 
[31], where the experimental testing was carried out under free con
vection conditions at the battery cell discharge of 1.5C and 2.5C with a 
constant current. The surrounding temperature was kept at 30 ◦C during 
the test. A comparison of the maximum battery temperature between the 
experimental and simulated results is presented in Fig. 2. As seen, the 
simulation agrees well with the experimental data, as the maximum 
relative error and its average were recorded as 3.8% and 2.3%, 
respectively. The average Relative Errors (RE) of the cell temperature 
between the experimental and numerical data can be defined in Eq. (10) 
as: 

RE =
1
N
∑

⃒
⃒Texp − Tnum

⃒
⃒

Texp
× 100 (10)  

In general, the relative error between the simulated value and the 
experimental data was within 2.66%, which further demonstrates that 
the computational method for the heat generation rate of the cell battery 
is accurate. 

Fig. 3. (a) Grid independence test, (b) time step independence test.  

Fig. 4. Contours of temperature distribution in the XY and XZ planes at 2.5C, Re = 7515 with different fins numbers where (a) no fin; (b) 1 fin; (c) 2 fins; (d) 3 fins; 
and (d) 4 fins. 
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2.6. Grid and time-step independence tests 

To examine and ensure that the numerical results are independent to 
the grid and timestep used, the cell temperature obtained by the four 
different grid numbers against the SOC is reported in Fig. 3(a). In this 
case, the discharge rate with 2 vertical fins is 2.5C, and Re = 7515, Ta =
30 ◦C and Δt = 0.5 s. The variation in the grid number has a little impact 
on the temperature rise when the number of nodes ≥628935. Moreover, 
the temperature variation among the mesh nodes 628935, 727528 and 
785276 is only around 0.4% and 0.35%, respectively, so 727528 mesh 
was chosen to conduct the further simulations. To assess the time step in 
the numerical simulation, the cell temperature is presented in Fig. 3(b) 
at the discharge rate of 2.5C and 727528 mesh, with different time step 
sizes of 0.5 s, 0.75 s, 1 s and 2 s. As can be seen, there is not much dif
ference in the results with the chosen time steps, and the discrepancy 
between the temperatures for the time steps of 0.5 s and 2 s was within 
0.82%. Therefore, a time step size of 1 s is being considered to minimise 
the total simulation time while also to maintain the numerical stability. 

3. Results and discussion 

3.1. Effects of vertical fins and Reynolds number on the cell temperature 

Fig. 4 shows the temperature distributions at the symmetrical plane 
as well as the middle cross-section of the battery at the end of discharge 
rate of 2.5C using the different fin numbers. As can be seen, when it is 
compared to the inner section, the heat dissipation rate from the cell 
surface to the air is extremely high, and a heat build-up occurs at the 
battery core. So, the middle part of the cylindrical cell had the highest 
temperature, while the outer surface had the lowest. 

The performance of the different fin structure layouts is analysed and 

compared using the battery cell temperature at 2.5C discharge rates at 
the four different Reynolds numbers as in Fig. 5. As the Reynolds number 
increases, there appears to be a significant temperature decrease due to 
flow turbulence and enhanced heat transfer, resulting in the increased 
rate of heat absorption by air. Experimentally, under the free convection 
condition, the battery temperature reached 80 ◦C at 2.5C [36], and this 
result is used to evaluate the current numerical results, as reported in 
Table 4. By increasing Re from 1875 to 15030, the forced convection 
effect on the temperature drop increases from 65% to 93%, while the 
effect of fins decreases from 35% to 7%. These results therefore indicate 
that under the simulation conditions, the fins become more effective at a 
low Re. 

Moreover, the fin numbers are significant when calculating the 
thermal performance and associated costs. Fig. 6 shows the temperature 
differences between the cells at various fins number obtained by Eq. (11) 

ΔTb,j =
(
Tb,j − Tb,j+1

)
, (11) 

where j is the number of fins (0, 1, 2 and 3). 
The results indicated that applying fins to the outer surface of the 

battery can significantly increase the convection heat transfer, but the 
number of fins affect its, that is a high Re with 3 fins provides a better 
cell cooling rate compared to 4 fins. At Re = 11273 and 15030, the cell 
temperature with 3 fins is 39.36 ◦C and 37 ◦C, respectively while for 4 
fins it is 39.75 ◦C, 37.7 ◦C. 

Fig. 5. Cell temperature distribution at discharge rate 2.5C with different Reynolds numbers.  

Table 4 
Drop in Cell Temperature.  

Re Tb,0fins Tb,4fins The drop in Cell Temperature 

Total drop 
Tb,0Fins -Tb,4fins 

By Forced 80 - 
Tb,0fins 

By Fins 80 - 
Tb,0fins 

1878  65.3 57.5 22.5 14.7 (65%) 7.8 (35%) 
3758  56.3 49.9 30.1 23.7 (80%) 6.4 (20%) 
7515  47.8 43 37 32.2 (89%) 4.8 (11%) 
11273  43.2 39 41 36.8 (92%) 4.2 (8%) 
15030  40.5 37.7 42.3 39.5 (93%) 2.8 (7%)  

Fig. 6. The temperature divergence between the fins at different Reynolds 
numbers and 2.5C. 
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(a) (b)

Fig. 7. Effect of the discharge rate on the battery temperatures at (a) Re = 1878 and (b) Re = 11273.  

Fig. 8. Contours of velocity (a) and TKE (b) distributions in the XY at 2.5C, Re = 7515 with different fins numbers where 1, 3 and 4 indicate the number of fins, 
respectively. 
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3.2. Effect of discharge rate 

The battery temperatures under different discharge rates from 1C, 
1.5C, 2C and 2.5C are simulated with different numbers of vertical fin. 
Here, the results with Re = 1878 in Fig. 7(a) and 11273 in Fig. 7(b) are 
shown as an example for this analysis. The results generally showed that 
the battery temperature at the final discharge rate increased as the rate 
change increased. However, the temperature increase become less as the 
Reynolds number becomes higher; for example, for Re = 1878 and 4 fins 
with an increase in the discharge rate from 1C to 2.5C, the temperature 
is increased by 32.88% (38.6 ◦C–57.51 ◦C), while that at Re = 11273 is 
increased about 16.3% (33.3–39.7). With an increasing Reynolds num
ber, the battery temperature-rise curves move downward, which in
dicates that the effectiveness of the air cooling is gradually enhanced the 
heat transfer rate. 

3.3. Roles of flow physics and thermal transport 

Fig. 8 provides the contours of the velocity, TKE and temperature. 
These results show that the cooling air is rapidly accelerated into the cell 
from the left side of the duct, creating a local high entrance velocity as a 
result of the high heat transfer from the battery surfaces, as in Fig. 8(a). 
With an increase in the number of fins, there is a slight drop in the ve
locity magnitude which is related to the fin constraining the airflow, 
thus impacting on the velocity reduced by 3.5% and the TKE by 19%. It 
can be further seen from Fig. 8(b,4) that the flow turbulence started to 
intensify around the cell, and a high of turbulence and mixing near the 
cells caused a more significant amount of fresh air to transport heat 
away from the cells, which further led to the reduction in the battery 
temperature in this location. On the other hand, the TKE reached its 
maximum value above the cell where the air changed its flow direction 
to the outlet. Finally, as shown in Fig. 8(c), the cell temperature in
creases from the bottom to the top of the cell because of the air tem
perature increase and less amount of low-temperature air is available to 
take the heat away from the cells, where the thermal field of air is more 
apparent at both the side and top of the cell. 

3.3.1. Outlet air parameters 
Different thermal parameters of air outlet, velocity, TKE and tem

perature, are shown in Fig. 9(a-b). As seen in Fig. 9(a), with an increase 
in the Reynolds number, the velocity profile is enhanced, but the rate of 
increase becomes less at a high Re. For instance, the velocity for 2 fins is 
increased by 3.7% (0.158 to 0.264 m/s) when Re is increased from 1879 
to 3758, while, it is only 0.47% (0.169 to 0.171 m/s) when Re is changed 
from 11273 to 15031. Also, the same behaviour can be noticed for TKE 
in Fig. 9(b). The TKE increases by 76.5% (0.184 to 0.783 m2/s2) when 
Re increases from 1879 to 3758, but by 43.4% (9.244 to 16.34 m2/s2) as 
Re increases from 11273 to 15031. These variations in the velocity and 
TKE profiles can also be reflected on the temperature profile, as with an 
increase in the air outlet velocity, it is expected that the battery tem
perature would be dropped as a result of more heat being removed from 
the system; and consequently, this leads to a reduction in the tempera
ture of air outlet as can be seen in Fig. 9(c). 

Moreover, at a low Re = 1879, with an increase in the fin number 
from 0 to 4, there is an evident change in the velocity and temperature 
profiles, while for a high Re = 15031, both the profiles are nearly remain 
constant, which indicates that there is no significant change in the 
battery temperature, proving further evidence on the early results where 
the fin number became less effective at a high Reynolds number. How
ever, at a high Reynolds number, the cell with 3 fins produces the 
highest outlet velocity compared to 2 fins and 4 fins, so the airflow 
turbulence in the model cell with 3 fins is deemed to be optimal, where 
the fin location around the cell does not inhibit the airflow. 

The aluminium battery case is assumed to have a low emissivity and 
is in good insulation. So, both the radiation and heat loss from the 
module were disregarded. Therefore, the heat transfer from the cells 
absorbed by cooling air through the air temperature rise can be calcu
lated by 

QT = ṁCp(Tout − Tin) (12) 

The mass flow rate of air cooling ṁ can be calculated from 

ṁ = ρAductV (13)  

where, Aduct is the duct area, and Tout , Tin, Cp, ρ and V are the air outlet, 
inlet, specific heat capacity, density, and velocity, respectively. 

Fig. 9. Outlet air parameters at 2.5C where (a) outlet velocity, (b) TKE, (c) outlet temperature and (d) heat gained.  
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Fig. 9 (c) provided the heat gain as it is evident with the increase in 
both Re and number of fins, heat gained increased, and there is a drop in 
value at the 3 fins case, which becomes more apparent when Re ≥ 3758 
and where more cooling occurs to the battery temperature. 

3.4. Effect of fin rotation 

In this part of the investigation, we report the effect of the rotation of 

the fins on the air-cooling performance considering 2 and 4 fins. As can 
be seen in Fig. 10, when changing the battery angle from 0◦ to 135◦, the 
location of the fins will also be changed. The focus here is to investigate 
the potential impacts on battery cooling. 

Fig. 11 presents the velocity vectors around the battery cell with 
different fin angles in the mid horizontal cross-section zone. As can be 
seen, the flow region around the cell is changed as the fin’s angle is 
changed to different positions. At the angle of 0◦ the velocity is mostly 

Fig. 10. Rotation of the battery with 2 fins.  

Fig. 11. Velocity vectors around the model of a battery with 2 fins.  
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Fig. 12. Effect of fin’s rotation on the air outlet parameters where (a) 2 fins, (b) 4 fins and Re = 7515.  

Fig. 13. Effect of the fin’s thickness on (a) thermal filed; (b) cell temperature; (c) outlet air thermal parameters at 2.5C and Re = 7515.  
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reached its maximum very close to the cell, which increases the heat 
transfer rate between the air and cell, leading to a reduced cell tem
perature to 45 ◦C. However, in the 134◦ case, the fins become a barrier to 
the flow around the cell, especially in the area located after the fins, so 
their effect on air cooling is reduced and as a consequent, the cell 
temperature reaches 46.3 ◦C. 

Additional thermal parameters of the air outlet are reported in 
Fig. 12(a). While the maximum and minimum battery temperature for 4 
fins are 42.28 ◦C at 60◦ and 42.11 ◦C at 0◦, respectively. It should also be 
noted that at 180◦ and 90◦ in Fig. 12(b), the cell returns to its initial 
position, and that the fins generally become more effective in cooling for 
both cases when the battery is placed at 0◦, where the heat transfer by air 
reaches its maximum value, as shown in Fig. 12(b). 

3.5. Effect of Fin’s thickness and length 

The fin’s thickness and its length influence both the mass of heat 
dissipation around the cell and the manufacturing cost, so this section 
presents a numerical investigation of the fin’s thickness and length on 
the thermal performance of cell cooling. From Fig. 13, it can be observed 
that an increase in the fin’s thickness enhanced the heat dissipation from 
the cell; however, from 1 mm to 3 mm, the temperature is dropped by 
2%, Fig. 13(b). The reason for is that the heat conduction is increased 

between the cell and fins, as the contact between the cell surface and 
fresh air becomes less. This result agrees with the previous funding [46]. 
For the air outlet thermal parameters, there is no significant change 
observed except for TKE, and TKE increases with the thickness of fins 
due to the increase in inhibiting the airflow. 

The temperature and velocity contours at the different fins length 
and locations are depicted in Fig. 14, where the size of the fins is reduced 
to half and located in the bottom, top and middle of the cell surface and 
compared with the results of the dynamic behaviour of a cell having a 
full fin at 2.5C and Re = 7515 shown in Fig. 15. The lowest cell tem
perature is recorded when all the fins are applied around the cell as 45 ◦C 
and 44.1 ◦C for 2 and 3 fins respectively. When using the half fins, the 
cell temperature increases by less than 2.5% and 3% for 2 and 3 fins, 
respectively. Moreover, the results in Fig. 15 show that the location of 
the half fins has no significant effect on the cell temperature, with only a 
0.2 ◦C difference between the maximum and minimum temperature for 
the top, middle and bottom locations for 2 and 3 fins. 

3.6. Analysis of spiral fin 

3.6.1. Effects of number of loops on the cell temperature 
Turbulence in the fluid flow influenced the convection heat transfer 

coefficient, so to further investigate this, spiral fins were mounted on the 

Fig. 14. Contours of (a) thermal field; (b) air velocity.  

Fig. 15. Battery temperature with different fin lengths and locations where (a) 2 fins and (b) 3 fins.  
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outer surface of the battery cell. Fin loops 1, 1.5, 2, 2.5 and 3, correspond 
to the respective fin pitches of 21 mm, 14 mm, 10.5 mm, 8.5 mm, and 7 
mm. In all the cases, the thickness and width of the fin were kept as 1 
mm and 4 mm respectively. The temperature contours of the cell and 
fins can be observed in Fig. 16 as the battery temperature gradually 
increases from the bottom to the top of the battery due to convection. 
The results in Fig. 17 show that the temperature gradually decreases in 
the radial direction and is affected by the spiral fin along the cell. 

The results of cell temperature at the end of the discharge rate 2.5C 
for Re = 7515 are shown in Fig. 18(a), further revealing that the cell 
temperatures are lower when the spiral fin is introduced. Interestingly, 
when the loop is increased, the cell temperature is reduced by 10.8 %, 
12.6%, and 14.22% for the fin loops of 1, 2, and 3, respectively as 
compared to the finless cell. The temperature for the cell with 1 loop and 
3 loops is 43.2 ◦C and 41.6 ◦C respectively. 

3.6.2. Outlet air parameters 
Fig. 19 shows the contours of air velocity and TKE with different fin 

loops. As seen again that the addition of spiral fins to the outer surface of 
the cell battery significantly enhances the heat transfer rate between the 
cell and cooled air. The configuration of the fin loops affects the rate of 
heat transfer. Moreover, turbulent flow is evident around the fins as 
demonstrated by the TKE. 

The results in Fig. 18 (b) revealed that, comparing with a 1 fin loop, 
the velocity of the outlet air is relatively increased by 0.32%, 0.66% and 
0.9% for those with fin loops of 1.5, 2, and 3, respectively, while for the 
TKE it increases by 4.9%, 6.7% and 10.5%, respectively. The air takes in 
sharp turn around the cell, and the fluid undergoes irregular fluctuations 
intensifying mixing, and there is a substantial breaking away of the fluid 
from the fins and cell wall – all of which are favourable to increased 
cooling of the cell. 

Fig. 16. Contours of temperature distribution in the XY and XZ planes at 2.5C, Re = 7515 with different spiral fins where (a) 1 loop; (b) 1.5 loops; (c) 2 loops; (c) 2.5 
loops and (e) 3 loops. 

Fig. 17. Contours of temperature distribution in the XZ plane at different vertical positions with 7 mm fin pitch and a discharge rate of 2.5C.  

A. Alzwayi and M.C. Paul                                                                                                                                                                                                                    



Thermal Science and Engineering Progress 47 (2024) 102304

12

Overall, when comparing the thermal performance of vertical and 
spiral fins, the vertical 4 fins along the cell at Re = 7515 result in a cell 
temperature of 43 ◦C; whereas the spiral fins with 1, 2, and 3 loops result 
in cell temperature drop, respectively 43.2 ◦C at 0.46%, 42.36 ◦C at 
1.5%, and 41.6 ◦C at 3.2%. So, as can be seen, approximately the cell 
temperature of a cell with 4 fins is equal to that of a cell with the spiral 
fins of 1 loop (43 ◦C ≈ 43.2 ◦C) when the fins have the same width and 
thickness. In the case of 4 vertical fins, by using the spiral fins with 1, 2 
and 3 loops, therefore, save around 65.6%, 46.7% and 25% of the fin’s 
material. These results further indicate that the spiral fins have several 
other advantages, such as a high heat transfer rate and a lower pro
duction cost. 

4. Conclusions 

This work investigated the dynamic behaviour of Lithium-ion battery 
temperature using air cooling. It revealed that the longitudinal fins 
around the cylindrical batteries favourably influenced the heat transfer 
generated in the battery. A series of numerical simulations were run to 
investigate the impacts of the fin’s rotation, thickness, length, number, 
and position at various current rates. The extensive research of these 
aspects allowed for a more accurate perception when constructing a 
thermal management system of battery with cooling fins and air cooling. 
The main conclusions of this work are as follows. 
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Fig. 18. Battery temperature at different loops of spiral fins.  

Fig. 19. Contours of (a) velocity and (b) TKE with different fin loops.  
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• The reduction in the battery temperature was affected mainly by the 
Reynolds number, and the influence of fins became more effective at 
a low Reynolds number. In terms of the vertical fin number, it is often 
understood that increasing the fin number around the cell will 
enhance the heat transfer, but the results indicated that at a high 
Reynolds number 15030, the cell temperature with 3 and 4 fins was 
37 ◦C and 37.7 ◦C respectively, which showed increasing the number 
of fins inhibited the airflow around the cell.  

• The cell temperature was found to decrease but the heat transfer 
enhanced further when the fin’s thickness was increased; however, 
with the compromise of the fin length to its half, in the 3 fins case, the 
maximum increase in the cell temperature was 1.5 ◦C, which was 
obtained when the fins located at the bottom of the cell. Related to 
the locations of the half fins (i.e., top, middle and bottom), the results 
indicated that these changes did not impact the overall solutions 
much.  

• The vertical fin’s orientation affected the heat exchange between the 
cell and cooling air. The cell temperature obtained was relatively low 
when one of the fins was positioned parallel to the inlet airflow 
direction. 

• Adding a spiral fin to the outside surface of the battery cell signifi
cantly improved the heat transfer performance in the cell model, 
which reduced the cell temperature by 3.2% and the material usage 
by 25% to 65.6%. Therefore, spiral fins for thermal management 
systems in lithium batteries are potentially a promising option. 
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