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ABSTRACT

Lithium-ion batteries are frequently preferred for electric vehicles and diverse
applications due to their high energy density, high specific energy, and
superior efficiency. Despite these advantages, they generate substantial heat
during charge and discharge at high C-rates, which can lead to thermal
runaway. Thus, an appropriate Battery Thermal Management System is
necessary to prolong their lifespan and maintain performance and capacity.
This study considers a passive cooling technique for cooling a Lithium-ion
battery using fins. The effect of fin geometric parameters on battery thermal
management was numerically investigated, and optimal values were
determined through multiple optimizations, thereby contributing to the
literature. For this purpose, analyses were obtained for varying diameters (20
mm-36 mm), thicknesses (0.5 mm-2 mm), and numbers (3-9) of cylindrical
fins placed on a cylindrical battery at a high discharge rate of 5C. In the
results, battery surface temperatures, battery temperature difference, and
mass were evaluated in detail. Next, the maximum and average battery
temperatures, the maximum and minimum temperature differences for
homogeneity, and mass were selected as objective functions for multiple
optimizations. The l-optimal algorithm based on the Response Surface
Method was used to create a Design of Experiment. Optimization parameters
and levels were determined by numerical analysis. The mathematical models
derived for the selected performance parameters (maximum temperature
(Tmax), average temperature (Tayg), Mmaximum and minimum temperature
difference (AT) for homogeneity, and mass were tested using ANOVA, with
prediction accuracies of 0.9923%, 0.9866%, 0.9381%, and 0.9314%,
respectively. The results indicate that increasing the fin diameter (from 20 to
36 mm) decreases Tmax by 3.4% and Tayg by 3.7%, but increases mass by
12.2% and AT by 5 K to 11 K. Moreover, as fin thickness increases from 0.5
mm to 2 mm, Tmax and Tayg decrease by 2.2%, but increases mass by 21% and
AT by 9.8 K to 10.8 K. Furthermore, as the number of fins increases from 3
t0 9, Tmax and AT decrease by 6.0% and 36.3%. Increasing the number of fins
is more effective at increasing homogeneity than increasing their diameter
and thickness. Optimization results show that with a fin diameter of 32.4 mm,
a thickness of 1.35 mm, and 9 fins, the battery temperature can be maintained
below 349 K under these optimal conditions.

1. Introduction

Lithium-ion (Li-ion) batteries have become the heart
of modern electric vehicle (EV) and hybrid electric

vehicle technologies thanks to their high energy
density, low self-discharge rates, and long cycle lives
(Hannan et al., 2017; Lu et al., 2013). However, the
electrochemical efficiency and structural integrity of
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these batteries are tightly coupled to a narrow safe
operating temperature range (20°C to 60°C) (Ma et
al., 2018). Especially under extreme current demands,
such as a 5C discharge rate, exothermic chemical
reactions within the battery, and Joule heating due to
internal  resistance, the battery's maximum
temperature (Tmax) can reach critical levels. Without a
battery thermal management system (BTMS), this
thermal load causes capacity loss, shortened lifespan,
and ultimately uncontrolled combustion events
known as “thermal runaway" (Abraham et al., 2011,
X. Feng et al., 2018).

BTMSs are generally achieved using passive (Hallaj
& Selman, 2000; Kalkan et al., 2021), active (Fan et
al., 2013; T. Wang et al., 2014), or hybrid (L. Feng et
al., 2018; Ling et al., 2015) cooling techniques. Each
method has its own benefits and can be used in
specific situations. Active BTMSs, such as forced-air
convection cooling and liguid cooling, increase EVs'
overall energy use. Therefore, a passive BTMS that
does not consume extra power would be more
suitable for commercializing EVs (Rao et al., 2013).
Li et al., (2020) investigated enhancing heat transfer
at inline and staggered arrangements of Li-ion cells
by using herringbone fins. The study revealed that
attaching optimally designed herringbone fins results
in a drop of 3.7 K in average battery temperature
(Tag) for the inline layout and 4.15 K for the
staggered layout. Pranto et al. (2026) conducted a
numerical study involving hybrid nano-enhanced
phase change materials and fin architectures. The
results show that the fin/hybrid nano-enhanced phase
change configuration reduces Tmax by 12.54% relative
to the baseline case and achieves a 9.62%
improvement over the fin-only arrangement.
Moaveni et al. (2024) proposed combining
nanoparticles, fins, metal foam, and phase change
material (PCM) to reduce Tmax. The results indicate
that a copper metal foam with 90% porosity reduces
Tmax by 12.57 K, outperforming both PCM and fins.
Shareef & Rao (2025) numerically evaluated the
effectiveness of PCM and fins in BTMS. The results
showed that wvertical fins perform better than
horizontal fins, while under enhanced convection (50
W/m?-K), horizontal fins achieve a 31 K reduction
compared to no cooling. Weng et al. (2020)
conducted a series of experiments with and without
fins to investigate the effects of fin configurations on
PCM. The results show that longitudinal fins are
better at dissipating heat from the battery base, while
circular fins provide better heat transfer due to their
larger surface area. Ping et al. (2018) numerically
investigated the effects of PCM type, fin thickness,
fin spacing, and PCM thickness on the cooling
performance of a battery module. The results show

that the PCM-fin thermal management system with an
optimized design keeps the maximum battery surface
temperature below 51°C, even at a relatively high 3C
discharge rate.

As mentioned above, the literature review shows that
passive cooling studies are typically conducted using
a hybrid approach combining PCM and fins. On the
other hand, few studies are focusing solely on the
application of fins to the battery surface, and more
research is needed. This gap in the literature prompted
us to conduct this study to numerically and
parametrically investigate the thickness, number, and
diameter of fins added to the battery surface for
BTMS development. Subsequently, the optimal
BTMS parameters were determined using multiple
optimization methods. In the numerical and
optimization results, Tmax, Tawg, the maximum and
minimum temperature difference on the battery
surface, and the battery mass are evaluated.

2. Numerical Model

Figure 1 illustrates the geometric parameters of the
cylindrical battery equipped with fins as investigated
in this study. The thermal management of a Li-ion
battery cell operating at high discharge rates was
analyzed through three-dimensional transient
numerical simulations using ANSYS Fluent. The
study focuses on ensuring the system's thermal
stability at an extreme discharge rate of 5C. A
constant heat transfer coefficient of h = 5 W/m?-K
was selected to represent a conservative natural
convection environment (stagnant air), which is a
standard approach in lithium-ion battery thermal
management simulations to evaluate the system under
worst-case ambient cooling conditions. (Saxena et al.,
2025; H. Wang et al.,, 2024). Throughout the
simulation, the ambient temperature was maintained
at a constant 21°C. As for the initial conditions, the
entire computational domain was set to 21°C,
representing the system's thermal equilibrium with
the environment.

Figure 1: The geometric parameters of the model
408



Kalkan and Demir (2026). J Inno Sci Eng 10(2):407-418

To verify the accuracy of the developed numerical
model, a validation study was conducted by
comparing the current simulation results with the data
reported by (Kalkan, 2024). The comparison was
performed for Tag across different discharge rates
(2C, 3C, and 4C) as a function of the Depth of
Discharge (DoD). As illustrated in Figure 2, the
numerical results of the present study show excellent
agreement with the reference data. Three main
geometric parameters that directly affect cooling
performance and mass increase were considered: fin
number (n=3, 5, 7, and 9), fin diameter (D=20, 24, 28,
32, and 36 mm), and fin thickness (t=0.5, 1.0, 1.5, and
2.0 mm). In the present study, the effect of fin number
on battery cooling was investigated, with fin diameter
and thickness held constant at 36 mm and 1 mm,
respectively. To isolate the effect of fin diameter, fin
thickness and number were kept constant at 1 mm and
3, respectively. On the other hand, to observe the
effect of fin thickness, fin diameter, and number, 36
mm and 3 were used, respectively.
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Figure 2: Validation of the battery model

Figure 3 shows the mesh structure of the cylindrical
fin Dbattery. The numerical model's mesh is
polyhedral. The configuration selected for mesh
independence analysis is D=36, n=9, and t=1mm.
Polyhedral meshes are recognized for their superior
convergence characteristics, reduced computational
overhead, and enhanced numerical accuracy
compared to traditional cell types (W. Wang et al.,
2021). In this numerical model, a polyhedral mesh
was preferred because it provides a good fit to the
geometry.

Figure 3: Mesh structure view

The results of the mesh independence analysis are
summarized in Table 1. Based on the evaluation of
both Tmax and 4T, the grid configuration with 222011
elements was determined as the optimal mesh
density. It was observed that further mesh refinement
beyond this point yielded a maximum deviation rate
of less than 1% for all investigated thermal
parameters, thereby ensuring grid-independent
numerical results with a reasonable computational
cost.

Tablel: Mesh independence analysis
Mesh Tmax AT Tmax AT
number Deviation Deviation
(%) (%)
82292 346.25 5.96 0.081 2.055
123831 34597 5.84 0.168 2.098
222011 34539 5.72 0.006 0.175

467013 34537 571 - -

Following numerical analyses, a multi-criteria
optimization approach was adopted to simultaneously
improve the thermal performance and mass efficiency
of the Li-ion battery. Data from numerical analyses in
ANSYS Fluent were used to develop a mathematical
relationship between design parameters and thermal
responses. To navigate the complex design space
involving fin number, diameter, and thickness, the
Desirability Function Approach (DFA) was
employed. By transforming multiple conflicting
objectives—such as minimizing the maximum
temperature and battery mass—into a single
dimensionless desirability index, the optimal design
configuration that maximizes overall performance
was determined.

Table 2 shows specifications of the cylindrical
battery. In this study, thermal analysis and
optimization processes were performed using a
commercially available cylindrical Li-ion battery
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cell. The cell's cathode material is LiNiMnCoO-
(NMC), chosen for its high energy density and stable
thermal performance. The technical specifications
indicate that the battery has a nominal capacity of 2.8
Ah, a diameter of 18 mm, and a height of 65 mm
(standard 18650 form factor). The charging end
voltage is 4.2 V, and the cut-off current is 0.14 A.
During the discharge cycle, the cell operates down to
a lower voltage limit of 25 V. A maximum
continuous discharge current of 15 A can be drawn.
This high discharge current capacity indicates that the
battery will generate significant heat under high-
power demand. This technically supports the
necessity of the finned cooling system proposed in
this study.

Table2:  Cell Specifications (Kalkan, 2024)
Parameters Value
Brand/model ASPILSAN/INR18650A28
Cathode material LiNiMnCoO: (NMC)
Nominal capacity 2.8 Ah
Diameter 18 mm
Height 65 mm
Charge cut-off 42V
voltage
Discharge cut-off 25V

voltage

An interconnected electro-thermal model is used to
simulate the battery's thermal behavior and electrical
performance. The following general energy
conservation equation expresses the temperature
distribution within the battery:

3(p cpT) _ 2

o_|Ve_|>+Q

where ¢, (J/kg K) is heating capacity, p (kg/md) is
density, k (W/m-K) is thermal conductivity, and T (K)
is temperature. The last term on the right side of Eq.
(1), Q (W/m?), represents the total volumetric heat
generation rate in the battery and is calculated using
the formula proposed by Bernardi et al. (1984):

Q = [Voe = (o1 —0) =T (52)) 2)

Here, ¢, and ¢_ are positive and negative phase
potentials, o, and o_ are effective electrical
conductivities of the positive and negative electrodes.
J (A/md) denotes volumetric current density, and Vi
(V) represents open circuit voltage. dVo/dT (V/K) is

the entropic heat coefficient. A 2-RC step equivalent
circuit model (ECM) (Hu et al., 2012) is used to
determine the electrical dynamics and terminal
voltage (V) of the battery:

Vp(t) = Voc(S0C) + V1 (8) + V(1) — ®3)
Ro(SoO)I(D)

The transient voltage responses (V1, V2) and charge
state (SoC) in this model are governed by the
following differential equations:

avy(@®) _ - _I® 4)
dt  Ri(S0C)Ci(SOC)  C€1(SoC)

av(®) _ -V, _I® (5)
dt R,(S0C)C5(S0C)  C(SoC)

d(s00) _ _I(t) (6)
dt 36008

where R, (Q) depicts ohmic resistance, R1 and Rz (Q)
are polarization resistance, C; and C, (F) represent
polarization capacitance, B (Ah) is battery
capacitance, and | (A) is the applied current. The
temperature  difference, which indicates a
homogeneous distribution of temperature across the
battery surface, is calculated as follows:

AT = (Trmax — Tmin/Tmin) (7)

3. Optimization Procedure

During the optimization, the goal is to simultaneously
optimize multiple response variables (Tmax, Tavg, AT,
and mass). To reduce this complex process to a single
performance indicator, the desirability function
method developed by Derringer & Suich (1980) is
used. Each dependent variable (response) is first
converted into a d; score, which takes values between
0 and 1, where 1 represents a perfect fit, and O
represents an unacceptable result Jeong & Kim
(2009). For values such as Tmax, Tavg, AT, and mass,
which are desired to be minimized, the following
formula is used:

1 Ja < L;
Tgi—Ja
di=1 (722¢) Li< Ja<Ty, (®)
0 ]a > Tgi

Here, Ja is the actual value obtained from the model.
Li represents the target lower limit. If Ja < L;, the score
is exactly 1. T4 represents the acceptable upper limit.
If the result exceeds this value, the model has failed,
and the score is 0. The formula below defines the
situations in which the result is desired to be close to
a specific target value Tj.
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{ 0 Ja <L;
]a_Li)
Ja )y < < )
d"! (Fo=p) s Ja=Ts
=

Ui_]a)
Tag: < <.
(G=1) s Ja sy

0 Ja > U;

(9)

Here, U; denotes an upper limit. As the value Tg;
approaches the target, the score approaches 1. All di
are weighted according to the importance (w;) of each
parameter and combined into a single overall score,
D:

1

IR wi
D = ([T, dpVi™!

(10)

This formula is the geometric mean, showing how
well all criteria are met simultaneously. If any
criterion is zero (di=0), the total desirability is also
zero. This guarantees that the system must satisfy all
conditions simultaneously.

4. Results and Discussion

4.1. Fin diameter effects

Figure 4 shows that Tmax, Tavg, AT, and the battery
mass vary with the fin diameter. When investigating
the effects of fin diameter, the number and thickness
of fins were kept constant at 3 and 1 mm, respectively.
A significant decrease in temperature is observed
when the fin diameter increases from 20 mm to 36
mm. This thermal improvement is primarily
attributed to the enlargement of the effective heat
transfer surface area, which reduces the convective
thermal resistance between the battery and the
ambient air, thereby facilitating a higher rate of heat
dissipation.  Specifically, Tmax drops from
approximately 380 K to 367 K, representing a 3.4%
decrease. Tayy decreases from approximately 378 K to
364 K, a reduction of approximately 3.7%. As the fin
diameter increases, the amount of material used
naturally increases. At 20 and 36 mm, the mass is
0.049 and 0.055 kg, respectively. While Tmax and Tayg
decrease by approximately 3.4% and 3.7%, mass
increases by 12.2%. On the other hand, it is observed
that the AT across the battery increases with
increasing fin diameter. For 20 and 36 mm, AT is 5 K
and 11 K, respectively. This means that the
temperature difference across the battery has
increased by 120% with this increase in fin diameter.
As a result, as fin diameter increases, cooling
performance improves (temperatures decrease), but
mass and temperature difference increase.
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Figure 4: Tmax, Tawg, AT, and mass of the battery vary
depending on the fin diameter

Figure 5 shows battery temperature contours for
different fin diameters (a) 20 mm, (b) 24 mm, (c) 28
mm, (d) 32 mm, (e) 36 mm. With the fin number and
thickness maintained at 3 and 1 mm, the contours
reveal a distinct shift in the thermal distribution
patterns. At 20 mm diameter, heat dissipation is
limited by the small convective surface area, leading
to significant heat accumulation in the cell core; in
contrast, at 36 mm, the expanded surface area
facilitates effective heat rejection to the ambient
environment. When the fin diameter is increased by
80% (from 20 to 36 mm), the Tmax drops by
approximately 14 K. However, the temperature
difference on the battery surface increases from 5K to
11K. Although the 36 mm-diameter fins will lead to
uneven cooling in the battery, they will increase
battery life by lowering battery temperatures. It is
stated (Bloom et al., 2001) that batteries exposed to
high temperatures deteriorate more quickly, and a
battery operating at 70°C has half the lifespan of one
operating at 60°C. Therefore, a 10°C drop in
temperature is significant for the battery's lifespan.
On the other hand, it is stated that (Park & Jaura,
2003) if the battery temperature difference exceeds
5°C, the battery will experience uneven aging. This
situation reveals the need to optimize the
relationships among battery temperature, mass, and
temperature difference.
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Figure 5: Battery temperature contours for different fin
diameters (a) 20 mm, (b) 24 mm, (c) 28 mm, (d)
32 mm, (e) 36 mm

4.2. Fin thickness effects

Figure 6 shows that Tmax, Tav, AT, and the battery
mass vary with fin thickness. When investigating the
effects of fin thickness, the number and diameter of
fins were kept constant at 3 and 36 mm, respectively.
Thickening the fins provides more metal volume for
heat transfer but significantly increases mass.
Increasing the fin thickness from 0.5 mm to 2.0 mm
provides a larger cross-sectional area for heat
conduction, which reduces the conductive thermal
resistance within the fin itself. This enhancement
allows heat to be more effectively transported from
the battery surface to the fin's outer edges, leading to
reductions in Tmax from 370 K to 362 K and Tayg from
367 K to 359 K (both representing a 2.2% decrease).
On the other hand, mass increases from 0.052 kg at
0.5 mm to approximately 0.063 kg at 2.0 mm, a 21%
increase. The AT also increases by 10.2%, from 9.8 K
to 10.8 K.
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Figure 6: Tmax, Tavg, AT, and mass of the battery vary
depending on the fin thickness

Figure 7 shows battery temperature contours for
different fin thicknesses (a) 0.5 mm, (b) 1 mm, (c) 1.5
mm, and (d) 2 mm. When investigating the effects of

fin thickness, the number and diameter of fins were
kept constant at 3 and 36 mm, respectively.
Increasing fin thickness (up to 2.0 mm) can be an
effective method for cooling the battery. That is, it
draws heat more from the battery, bringing maximum
temperatures closer to safe limits. This can be
explained by the increased heat transfer from the
inside of the battery to its outer surface as the fin
thickness increases. However, in terms of cooling
efficiency per unit mass increase, it is not as efficient
as increasing fin diameter or fin count. On the other
hand, increased fin thickness can transfer heat to the
outside air more effectively by convection, but this is
not as dominant as increased diameter.

—_— —%
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Temperature
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Figure 7: Battery temperature contours for different fin
thickness (a) 0.5 mm, (b) 1 mm, (c) 1.5 mm, (d)
2 mm

4.3. Fin number effects

Figure 8 shows that Tmax, Tavg, AT, and the battery
mass vary with the fin number. When investigating
the effects of fin number, the fin thickness and
diameter were kept constant at 1 mm and 36 mm,
respectively. Increasing the number of fins
substantially expands the total convective surface
area, significantly enhancing heat dissipation
capacity. As the number of fins increases from 3to0 9,
Tmax decreases from approximately 367 K to 345 K, a
6.0% reduction. The AT decreases from
approximately 10.2 K to 6.5 K, a 36.3% reduction.
This indicates that the battery cools much more
homogeneously. In other words, increasing the
number of fins is more effective at increasing
homogeneity than increasing their diameter and
thickness. The mass is approximately 0.048 kg with 3
fins, and approximately 0.065 kg with 9 fins,
representing a 35.4% increase.
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Figure 9 shows battery temperature contours for
different fin numbers (a) 3, (b) 5, (c) 7, and (d) 9.
When investigating the effects of fin number, the fin
thickness and diameter were kept constant at 1 mm
and 36 mm, respectively. Increasing the number of
fins from 3 to 9 on the battery surface improves
thermal performance and thermal homogeneity. This
performance increase can be explained by shorter
thermal-conduction paths resulting from the
increased number of fins. In other words, in designs
with a small number of fins, the distance the heat
generated in the cell must travel to reach the fin
surface is long, thus limiting heat removal and
trapping heat within the battery.
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Figure 9: Battery temperature contours for different fin
numbers (a) 3, (b) 5, (¢) 7, (d) 9

4.4. Optimization results

To address thermal management and maximize
battery life, an l-optimal experimental design was
employed to model the relationship between design
parameters and performance outputs. This approach
was specifically selected to minimize the average
prediction variance across the complex design space,
supporting the development of a quadratic response
surface model. Following the randomized DOE
layout of 15 samples in Table 3, numerical
simulations were conducted via ANSYS.

Table3:  DOE configuration and calculated numerical results

# Fin diameter (mm) Fin thickness (mm)  Fin number  Tmax (K) Tavg (K) AT (K) Mass (g)
1 31.76 0.875 5 367.15 364.37 10.35 54.93
2 29.6 2 9 380.25 378.82 4.99 49.19
3 36 0.5 3 373.32 371.23 7.61 52.31
4 29.2 1.985 5 362.50 359.38 10.83 61.16
5 20 0.5 3 365.92 363.05 10.52 56.49
6 36 0.5 9 364.41 362.14 7.44 55.10
7 27.6 1.2875 3 362.05 359.93 6.64 59.91
8 36 2 3 379.05 377.58 4.85 49.64
9 20 1.14805 5 377.12 375.63 4.84 50.77
10 20 1.115 9 364.54 362.78 5.55 56.47
11 26.4 1.3925 7 349.14 347.07 6.52 67.59
12 3552 1.3475 7 368.27 366.42 5.97 52.08
13 26.96 0.56 7 349.45 348.08 4.42 69.93
14 36 1.25 3 350.22 348.27 6.28 58.04
15 20.56 1.9625 5 377.58 376.16 4.65 50.33
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Objective functions such as Tmax, Tavg, AT, and mass
were formulated as polynomial models (Egs. 11-14).
Special attention was given to data normality, where
response  disparities were high, and data
transformations were applied.

Tmax = 364.997 + -12.6344 * A + -3.54204 *
B + -6.85945 * C + -1.73659 * AB + -
4.58337 * AC - 2.74154 * BC + 1.32625 *
C2

(11)

Tavg=363.099 - 12.9876 * A + -3.36067 * B
- 6.51469 * C - 1.78263 * AB - 4.15099 *
AC -2.46231 * BC + 0.505475 * A? -
0.554722 * B + 1.33939 * C?

(12)

AT =6.30281 + 1.55502 * A - 0.310127 * B
- 1.41589 * C + 0.017682 * AB - 1.16669 * (13)
AC - 0.45755 * BC

Mass = 0.056468 + 0.0068425 * A +
0.00453334 * B + 0.00368498 * C +
0.00241634 * AB + 0.00208161 * AC +
0.0035472 * BC

(14)

Tmax (K)

24 A:fin diameter (mm)

Figure 10 shows the effects of simultaneously
changing fin thickness and number on Tmax, Tavg, AT,
and mass. As fin diameter and fin thickness increase,
a decrease in Tmax IS observed. Given the surface
slope, the effect of diameter on temperature reduction
is much greater than that of thickness. Therefore,
increasing the diameter results in faster speeds than
increasing the thickness. The lowest Tmax OCcurs at the
largest diameter and thickness. Tayg reaches its lowest
level when both fin number and diameter increase.
The slope in the graph shows a strong interaction
between these two parameters. Increasing both the
diameter and the number of fins dramatically
improves cooling performance. The results indicate
that while increasing the number of fins leads to a
decrease in AT by improving thermal homogeneity,
an increase in fin thickness results in a higher AT due
to the intensified local heat extraction at the fin base.
Both thickness and diameter increase mass, but
looking at the peak in the graph, the cost of thickness
in terms of mass is quite high compared to the cooling
advantage it provides. So the thickness increases
fourfold (from 0.5 mm to 2 mm), a 300% increase,
while the temperature decreases by only 1.95%.

AT (K)

Figure 10: 3D response surface showing the effect factors on a) Tmax,, b) Tav,, C) AT, and d) Mass

Mass (kg)

1.1
B: fin thickness (mm) 0.8

05 20

(d

24 A:fin diameter (mm)
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Table 4 shows the percentage change in response
values for a tenfold increase in design parameters.
Increasing the diameter is the most effective way to
reduce Tmax (-0.43%). However, this success comes at
a heavy price: a 15.0% thermal degradation. Fin
number is the most balanced parameter. It is the only
variable that reduces Tmax by a reasonable amount (-
0.30%) while improving AT (-1.81%), which is
critical for battery health. Increasing the thickness by
10% reduces the temperature by only 0.06%. This is
approximately 7 times weaker than the effect of
diameter.

confirming that the models in this study were not
memorized and are highly reliable for predicting new
datasets. The Signal-to-Noise Ratio (Adeqg.
Precision), which is expected to be greater than 4 in
literature, is found to be quite high in this study,
ranging from 32.68 to 74.13. This proves that the
model has sufficient signal strength to navigate
(optimize) within the design space.

Table5: ANOVA fit statistics
Response  R? Adj. R> Pred. Adeq
R? Precision
Tmax 0.9983 0.9966  0.9923 70.5588
Tavg 0.9991 0.9976 0.9866 74.1378
AT 0.9923 0.9866  0.9381 36.8275
Mass 0.9865 0.9764 0.9314 32.6863

Table4: Percentage change in response values for a
tenfold increase in design parameters

Design Tmax AT Mass
Parameter  Change Change Change
(10% (%) (%) (%)
Increase)
Fin -0.43 +15.0 +1.52
Diameter
Fin Number -0.30 -1.81 +1.77
Fin -0.06 +0.26 +0.70
Thickness

Table 5 shows ANOVA fit statistics. The regression
models developed for Tmax, Tag, 47, and mass
demonstrate high accuracy. R? values range from
0.9865 to 0.9991 for all responses. This indicates that
all the dependent variables can be explained by the
selected parameters (fin thickness, diameter, etc.).
The difference between the Adjusted R? and
Predicted R? values is much smaller than 0.2,

Table 6 lists the optimal results. The optimization
results presented highlight a definitive design trend
for high-performance battery cooling. According to
the Desirability (0.711) index, 9 fins are consistently
utilized at the most effective configuration,
confirming that increased fin density is paramount for
maintaining a thermal gradient A7 of exactly 5.0 K.
The convergence of fin diameter at approximately
32.4 mm and thickness at 1.35 mm indicates a
mathematically stable optimum point where Tmax iS
maintained below 349 K. With this set of solutions,
the trade-off between mass and cooling capacity is
effectively balanced. In this context, number 1 on the
optimum list can be defined as the primary candidate
design for a thermally robust BTMS.

Table6:  Optimum results
# g iIQmeter fl”lnliqckness ELr:\wber ;rlz)a g ;rév)g (Ag) Z\/Iass Desirability
(mm) (mm) 9)
1 32.420 1.350 9 348.982 347.688 5.000 66 0.711
2 32.422 1.351 9 348.975 347.682 5.000 66 0.711
3 32.365 1.348 9 349.126 347.827 5.000 66 0.711
4 32.482 1.353 9 348.817 347.529 5.000 66 0.711
5 32.482 1.353 9 348.816 347.528 5.000 66 0.711
6 32.592 1.359 9 348.526 347.249 5.000 67 0.711
7 32.663 1.362 9 348.337 347.067 5.000 67 0.710
8 32.392 1.357 9 349.009 347.713 5.000 66 0.710
9 32.513 1.365 9 348.634 347.353 4.990 67 0.708
10  32.346 1.365 9 349.002 347.708 4.982 66 0.707
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5. Conclusion

This research explores a passive thermal management
system for Lithium-ion batteries utilizing fins.
Through a series of numerical investigations, the
influence of various fin geometries was analyzed, and
the design space was optimized to identify the most
effective configurations, offering new insights into
battery cooling. Some key findings are presented
below.

Numerical results demonstrate that expanding the fin
diameter from 20 to 36 mm yields a 3.4% reduction
in Tmax and a 3.7% decrease in Tayg, though it incurs a
12.2% mass penalty and elevates AT from 5 K to 11
K. Similarly, increasing fin thickness from 0.5 to 2
mm lowers both Tmax and Tayg by 2.2%, yet results in
a substantial 21% increase in mass and a rise in AT
from 9.8 K to 10.8 K. In contrast, increasing the fin
count from 3 to 9 is highly effective, reducing Tmax
and AT by 6.0% and 36.3%, respectively, indicating
that fin count is a superior parameter for enhancing
thermal homogeneity compared to diameter or
thickness. According to the optimization analysis, a
configuration with 9 fins, each 32.4 mm in diameter
and 1.35 mm thick, represents the ideal design,
maintaining the battery temperature below 349 K. It
should be noted that although the optimized
configuration yields a maximum temperature of 349
K, this value exceeds the ideal safety limit of 333 K
(60 °C). This indicates that, under extreme 5C
discharge rates and natural-convection constraints,
passive fin cooling alone provides a significant
reduction but must be integrated with active cooling
systems to ensure long-term battery safety.
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