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Article Info Abstract

Article history: The aim of this work is to examine, from the perspective of Constructal Design,
the influence of the width (W},cm) of a reservoir filled with PCM (phase change

Received 02 Dec 2024 material) on the cooling performance of a Li-ion battery cell under discharge

Accepted 25 Feb 2025 rates of 3C and 5C. The problem is considered two-dimensional and transient.

The mathematical model is multiphase, with different characteristics for the
solid domain (battery cell) and the fluid domain (PCM reservoir), based on the

Keywords: mass, momentum and energy balance equations. The finite volume method is
Constructal design; used to solve the problem numerically, and the grid meshes used in the spatial
Lithium-lon battery; discretization are subjected to uncertainty analysis. The results show that the
Battery cooling; use of the PCM reservoir contributes significantly to the cooling of the battery.
Thermal runaway When the battery discharge occurs at a rate of 5C, there is a 13.1°C reduction in

the maximum temperature of the battery (Tpqx)-
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1. Introduction

Never in history has there been a more urgent need to reassess the impact of our society
on the planet, especially with regard to climate change caused by the carbon emissions
from our activities. Internal combustion engine vehicles are one of the largest contributors
to global pollution, with the transportation sector accounting for approximately 20%
of the world's total carbon emissions [1,2]. However, this scenario is about to change as
government policies focused on promoting electric vehicles (EVs) gain momentum.
In the European Union (EU), for example, only non-COz-emitting vehicles, such as EVs,
will be permitted to be registered in member countries from 2035 [3]. To achieve this goal,
automakers are redoubling their efforts to improve their EVs, with a particular focus on
developing the battery packs that will power them.

Lithium-ion (Li-ion) batteries are the best-known power source for electric vehicles due
to their high energy and power density, no memory effect, long cycle life, and fast charging
capability [4,5]. Despite these advantages, Li-ion batteries require strict thermal control to
ensure their performance and safety. In general, very low temperatures increase the
battery's internal resistance and polarization, resulting in higher power and energy losses
and reduced discharge capacity. On the other hand, very high temperatures accelerate
battery degradation, reducing its performance, lifespan and security [6]. According to
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Pesaran [7], the ideal operating temperature for Li-ion batteries is between 25 and 40°C,
with the temperature variation within each cell not exceeding 5°C.

Battery thermal management systems (BTMS) are divided into three main categories:
active, passive, and hybrid [8]. Passive BTMS based on phase change materials (PCMs)
have gained popularity due to their lower complexity, cost and volume; in addition to
offering a more uniform battery cooling [9,10]. Srivastava et al. [11] studied the cooling of
a cylindrical Li-ion battery surrounded by PCMs. The results obtained show that the use of
PCMs is a viable approach to reduce the maximum temperature reached by the battery.
Alghassab [12] evaluated the potential of a finned BTMS based on PCM to improve the
thermal management of a Li-ion battery. With six copper fins, the authors found an 8°C
reduction in battery peak temperature. In both studies, the geometric parameters of the
PCM container showed a significant role on the battery cooling. Therefore, adequate
thermal control of the battery depends on the correct design of the PCM reservoir,
whose geometry can be developed using the Constructal Design Method (CDM).

The CDM has its origins in constructal theory, which supports the idea that the
configuration/evolution of any flow system - animated or not - occurs through a physical
principle, the constructal law [13,14]. In the constructal realm, the design of the flow
system evolves in such way to easily the internal currents, including the engineering
systems, where the Constructal Law is applied through the CDM [15]. In engineering,
this method has been used to study the geometry of a wide variety of finite-size flow
systems [16-19]. It can even be applied to the analysis of the design of passive PCM-based
BTMS in Li-ion battery packs, which have a limited volume in EVs. Therefore, the aim of
this numerical study is to analyze, using the Constructal Design Method (CDM), the effect
of the width of a PCM reservoir (Wp¢y,) on the cooling performance of a Li-ion battery pack
discharged at rates of 3C and 5C.

2. Methodology
2.1. Constructal Design Method (CDM)

The geometry of the proposed BTMS was studied using the Constructal Design Method
(CDM). The CDM is a method based on constraints (geometric and physical) and objectives
(performance indicators), organized in a sequence of well-defined steps [17-20] that are
outlined below and illustrated in the flowchart shown in Figure 1.

Introduce Modifications to the System, Inerease/Modify Degrees of Freedom and/or
Relax Constraints using Constructal Theory concepts (Branching and Hierarchy)

1 I
I Step 1 Step 2 Step 3 Step 4 |
—
! Define the — | [dentify the Flow g Define the — Define the !
! Flow System (what is flowing) and Performance System |
1 the System’s Purpose Indicator (s) Constraint (s) 1
I I
| . . I
1 Step 7 Step 6 Step 5 1
I Perform the = Design the Simulations = == Define the System I
1 Simulations to Find the to Quantify the System Degrees of Freedom 1
I Best System Design Performance Indicator (DOF) |
I I
I |
I - . |
1 " Isitpossible toadd . |
T morefieedomtothe == | Best Design®
I T~ systemdesign? No I
1 L o : * For the Constraints and |
~ Degrees of Freedom Adopted
I o |
1 l Yes |
I I
! Step 8 1
I I
| I
I I

Fig. 1. Flowchart of steps involved in applying the Constructal Design Method (CDM)
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e Step 1: Define the Flow System

The system under analysis consists of a Li-ion battery pack [Li(Ni;/3C01/3Mn;/3)0;]
composed of six battery cells connected in a 3s2p configuration by a copper busbar.
The battery pack is exposed to ambient air (T,, = 25°C) and dissipates heat to it by natural
convection with a convection heat transfer coefficient (h) equal to 12.8 W/m?K [21].
The battery cells are 148.8 mm in length (L..;) and 91.6 mm in height (H,,;;), with a width
(W,eyr) of 26.8 mm. Between each pair of cells, two thermal reservoirs filled with PCM
(RT 28HC) are placed, with a thin layer of insulation separating them. The PCM reservoirs
are the same length (L, ) and height (H,,) as the battery cells, while their width (W,,,)
is variable to assess their effects on battery cooling. This analysis is conducted using ¢,
which is defined as the ratio between W,,, and W,,,,.

The schematic representation of the battery pack analyzed is shown in Fig. 2 (a-c);
where Fig. 2 (a) presents the isometric view of the battery pack, Fig. 2 (b) the side view,
with the red dashed line delineating the computational domain adopted, which is shown
in Fig. 2 (c) with the applied boundary conditions. For clarity, the computational domain
consists of a cross-sectional cut of the battery pack, covering (for computational economy)
only half of one of the central battery cells and the adjacent PCM reservoir.

(c) T,, = 25°C
h=128W/m2K
%}
Symmetry g'=0
e  — =L —T1 I | i
Heell
y
X
n v
- - -—— Y Tm = 25°C
h =128 W/m?K
Weelt Wpcm T_. x

|D Li[NigsCoysMnysJ0; [O] Copper [] PeM [l Isolation

Fig. 2. Schematic representation of the battery pack analyzed, where (a) isometric
view, (b) side view and (c) computational domain adopted

The technical specifications and physical properties of the battery cells and the copper
busbar are shown in Table 1, while the properties of the PCM (RT 28HC) are shown in
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Table 2. Since the thermal conductivity of battery cells (k..;) has an anisotropic behavior,
three values are presented for this property, valid for the x, y, and z axes, respectively.

Table 1. Physical properties and technical specifications of the battery cells and busbar.

Physical Properties Battery Cell [22] Cooper Busbar [23]
Density (p) 2630 (kg/m3) 8978 (kg/m3)
Specific Heat Capacity (c;) 1100 (J/kg.K) 381 (J/kg. K)
Thermal Conductivity (k) 22.4;22.4;1.96 (W/m.K) 387.6 (W/m.K)
Nominal Capacity 37 (Ah) X-X-X-X-X
Nominal Voltage 3.7 (V) X-X-X-X-X
Operation Voltage 2.8-42 V) X-X-X-X-X

Table 2. Physical properties of the PCM (RT 28HC)

Physical Properties RT 28HC [24-25]
Density (p) 880 (kg/m?) at 15°C; 770 (kg/m?) at 40°C
Latent Heat (Q;4:) 250000 (J/kg)
Specific Heat Capacity (c,) 2000 (J/kg. K)
Thermal Conductivity (k) 0.2 (W/m.K)
Thermal Expansion Coefficient () 0.001 (1/K)
Viscosity (1) 0.0031 (kg/m.s)
Liquidus Temperature (T;) 29°C
Solidus Temperature (Ts) 27°C

e  Step 2: Identify the Flow (what is flowing) and the System’s Purpose
The purpose of the BTMS evaluated is to promote the cooling of the battery cell. Thus,
from the Constructal Theory perspective, the "flow" in this system corresponds to the heat
generated by the battery, which is dissipated to the ambient air and the PCM reservoir.

e Step 3: Define the System Performance Indicators
As the purpose of the system is to promote the thermal management of the battery,
the performance indicators are the maximum battery temperature (Ty..) and its
temperature difference (AT,e;; = Trnax — Tmin) for each instant of time, which reflects the
cooling uniformity.

e Step 4: Define the System Constraints

In the proposed problem, the only system constraint is the battery cell volume (V,;),
given by:

Veeu = (L.H. W)cell 1)

e Step 5: Define the System Degrees of Freedom (DoF)
The degree of freedom (DoF) admitted for the system is the PCM reservoir width (W,,.,,),
which is expressed in its dimensionless form as:
4= oem 2)
chll
where ¢ is the ratio between the PCM reservoir and battery cell volumes (V,,c,, and Ve.y,),
which in a simplified form gives the width fraction shown in Eq. (2).
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e  Step 6: Define the Simulations to Quantify the System Performance Indicators

The simulations necessary to evaluate the variations of T,,,, and AT,,; in response to the
system’s DoF were designed considering four values to ¢ (0.05, 0.10, 0.15, 0.20) and two
battery discharge rates (3C and 5C), resulting in 8 different cases analyzed.

e  Step 7: Perform the Simulations to Find the Best System Design

The proposed problem was solved computationally using numerical simulations based on
the Finite Volume Method (FVM), performed in the software ANSYS FLUENT 2023 R1.

e Step 8: Introducing Modifications on the System (Increasing DOF/Relaxing
Restrictions)

The increase in the system's DoF or the relaxation of its constraints drives the evolution of
its design, facilitating the "flow" (the heat generated by the battery) and enhancing the
overall system performance. In this work, this step in the application of the CDM was not
taken; however, it could be implemented in future works with the purpose of further
minimizing the predefined performance indicators (T, and AT,.;;).

2.2. Mathematical Model

The proposed problem is considered two-dimensional and transient. The mathematical
model is multiphase, with different characteristics for the solid domain (battery cell) and
the fluid domain (PCM reservoir).

2.2.1 Solid Domain (Battery Cell)

The mathematical model implemented for the solid domain (battery cell) consists only of
the energy conservation equation [26]:

d
a(pc,,T) =V (kVT) +q" (3

where t is the time, T is the temperature and ' is the battery volumetric heat generation
rate, whose variation with time for the 3C and 5C discharge rates are given by the
polynomial equations (3) and (4). These are taken from a previous work [27],
that first modeled the battery discharge process, and consequently its heating, using the
equivalent circuit model (ECM) [28-29]. The data obtained was then used by the authors

to generate the polynomial equations to model the battery heating in terms of ¢'”,
which proved to be as effective as the ECM, but requiring less computational time [27].

4(3c) = 2.244e714(t%) + 1.264e7°(t%) — 3.677e~(t*) + 3.096e > (t*) (4)
—1.926t% + 471.71t + 34977.73

G = —1559e711(¢5) + 6.683¢~8(t5) — 8.526¢75(t*) + 0.0482¢(t%)  (5)
—13.36t% + 1876.77t + 65130.84

2.2.2 Fluid Domain (PCM Reservoir)

The flow of the liquid PCM is considered Newtonian, laminar, and incompressible.
The mathematical model implemented in the fluid domain is based on the conservation
equations of mass, energy and momentum, supplemented by the enthalpy-porosity
method used to model the PCM melting [28].

7(pV) =0 (6)
@ +7(pV2) = V(kVT) 7)
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0pl7
at
where V is the velocity vector, A is the total specific enthalpy, p is the pressure,

+ V(pl717) =—-Vp+ V(ul717) +pG+S (8)

g is the gravity acceleration and S is the momentum source term, given by:

§ = —A(y). [7 (9)
where 4, is the porosity function, which is defined by Voller and Prakash [30] as follows:
.-’ (10)
¥+ w)

where C is the mushy zone constant, whose value in this study is equal to 106 [31];
w is a small constant (0.001) to avoid division by zero and y is the PCM liquid fraction,
determined by:

0 if T<T, (11

T-T, .

T=T, if T,<T<T,
1 if T>T,

Finally, the PCM total specific enthalpy (1) is the sum of its sensible (4., ) and latent (4,,;)

specific enthalpies:

A= Agen + Aiar (12)

where A, and 4,4, are defined as follows, respectively:
T

13

Asen = Arer +f cpdt (13)
Tref

0 if T<T; (14)

/1lat = {YQiat if T, <T<T,
Quac if T>T,

where 4, is the reference specific enthalpy at a reference temperature (T,.f).

2.2.3 Initial and Boundary Conditions

As previously shown in Fig. 2 (c), three different types of boundary conditions were
implemented in the computational domain. At the top and bottom walls of the battery cell
and the PCM reservoir, heat dissipation by natural convection to the environment was
considered, with a convection heat transfer coefficient (k) equal to 12.8 W/m?K and an
ambient temperature (T,,) of 25°C. The symmetry condition was applied to the left wall, while
the right wall was considered thermally isolated, assuming a null heat flux (q"’ = 0). Finally,
as an initial condition, the initial temperature (7;) of the computational domain was assumed
equal to 25°C.

2.3. Numerical Model

The proposed problem was solved computationally through numerical simulations in
ANSYS Fluent 2023 R1, a computational fluid dynamics (CFD) software based on the FVM.
SIMPLE scheme wasused to handle the pressure-velocity coupling, Least Squares Cell-Based
was applied for spatial discretization of gradients, and PRESTO! scheme for pressure.
Finally, the Second Order Upwind method was used for momentum and energy equations
terms. Residuals of 10™3 were adopted as the convergence criterion for the continuity and
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momentum equations, while 107® was applied for energy. For the time discretization,
three-time steps (0.01s, 0.05s, and 0.1s) were tested and the difference between them for
the discharge rate of 5C was analyzed in terms of T,,,;, and T, as a function of the battery
State of Charge (SoC) for the ¢ = 0.10 case, as shown in Fig. 3 (a-b).

50.0 57.0 3
3 0.01s
53‘0_: eo—-e (.035s
45.0 49,09 == 01s /
O 40.0 O 45.0 3
= = 41.0 3
E_‘E 35.0 [__‘E 37‘0_;
30.0 33.03
() 29.03 (b)
ATV R o e o e e 25-0-III|III|III|III|III
1.0 0.8 0.6 0.4 0.2 0.0 1.0 0.8 0.6 04 02 0.0
SoC [-] SoC [-]

Fig. 3. Minimum and maximum temperatures of the battery as a function of its state of
charge (SoC) for the discharge rate of 5C and ¢ = 0.10, with the three-time steps
tested: 0.01s, 0.05s, and 0.1s

As can be seen in Fig. 3 (a-b), the difference between the results obtained with the different
time steps is minimal, which indicates that any of the values tested are adequate.
In the present work, the intermediate value has been chosen due to the more stable
solution obtained with it, which required fewer iterations for the convergence of the
equations and, consequently, a shorter computational time. Therefore, a time step of 0.05s
was chosen for all simulations, with a maximum of 1000 iterations per time interval,
resulting in a computational time of 12 to 48 hours per simulation.

Table 3. Uncertainty between meshes M1 and M2 (GCl21) and M2 and M3 (GClsz)

Performance Indicators GClz1 GCl3z
Battery Maximum Temperature (Ty,4,) 0.03% 0.09%
Battery Difference Temperature (AT, ) 0.07% 0.12%

The spatial discretization of the computational domain was carried out using structured
grid meshes composed of square cells. A higher density of cells was applied along the
battery cell/PCM reservoir interface, as well as on all the solid walls of the PCM reservoir,
refining the regions where the largest temperature and velocity gradients occur.
The mesh uncertainty analysis was conducted using the Grid Convergence Index (GCI)
method [32-33]. For this purpose, three grid meshes with different numbers of cells
(91350, 63945, and 44742 cells; referred to as M1, M2, and M3, respectively)
were created and tested in the computational domain. Table 3 shows the uncertainty
between meshes M1 and M2 (GClz1), as well as between meshes M2 and M3 (GClsz),
for T,,.r and AT, at the end of the battery discharge process (SoC = 0), calculated for the
case in which the discharge rate is equal to 5C and ¢ = 0.10. As can be observed,
for both performance indicators analyzed, GCI21 and GClsz were found to be below 1%,
indicating that the results are not dependent on the meshes. Therefore, the most refined
grid mesh - containing 91350 cells - is appropriate for the spatial discretization of the
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computational domain; thus, all the other grid meshes were built based on the construction
parameters of the respective mesh.

2.4. Model Verification

In order to verify that the mathematical and numerical models implemented are indeed
appropriate for the proposed study, initially they were employed to reproduce a similar.
study from the literature. The study reproduced for this purpose was the numerical work
by Borahel et al. [27], which investigated the discharge process of a Li-ion battery pack
with the same technical specifications and assembly scheme as the battery studied in this
paper. The main difference between the works is the complexity of the models
implemented, as Borahel et al. [27] evaluate the battery as a whole, in three dimensions,
including the electrical effects of discharge through the Equivalent Circuit Model (ECM)
[32-33]. Furthermore, in the reference work, the battery is cooled exclusively by natural
convection, without the PCM reservoirs between the battery cells, as in the present study.

Fig. 4 (a-b) shows the battery temperature as a function of its State of Charge (SoC) for the
discharge rates of 3C and 5C, based on the results reported by Borahel et al. [27]
and present work; where (a) display the battery average temperature (T,,.) and
(b) the maximum temperature (T,,.,)-

67.0 7 67.0
1 — 3cp7 . 1 — scpen .2
61.0 = ==+ 3C[Present Work] oo’ 61.0 = == 3C[Prosent Work] F
1 -- scpn Pis 1 -- scpn &
—_ 55.0 ] #-¢ 5C[Present Work] ,./’:, — 55.0 ] °-* 5C[Present Work] ,9'}
SN g o #
°_ 49.0 o 2. 4%.0 e
oy ] 2 >< ] »
= 43.0 o 24&01 ,f
S . o S ] o
37.0 4 » 37.04 »
- { 4 o L §
3109 @ 3107 5 ®)
25-O-||||||||||||||||||| 25-0-|||||||||||||||||||
1.0 08 06 04 02 00 1.0 0.8 06 04 02 0.0
SoC [-] SoC [-]

Fig. 4. Average and maximum battery temperatures as a function of State of Charge
(SoC) for the discharge rates of 3C and 5C, obtained by Borahel et al. [27] and the
present work

As can be seen in Fig. 4 (a-b), the results obtained using the mathematical and numerical
models implemented in this work are very similar to those reported by Borahel et al. [27]
for both discharge rates tested. The maximum difference observed between the results
interms of T,,, [Fig. 4(a)] was 1.68°C for the 3C discharge rate and 1.74°C for 5C,
both found at the end of the discharge process. Regarding T, [Fig. 4(b)], the maximum
differences were equals to 1.40°C and 1.32°C for 3C and 5C discharge rates, respectively.
Therefore, despite being significantly simpler than the models used by Borahel et al. [27],
the models implemented in this study were also able to adequately reproduce the heating
of the Li-ion battery pack during its discharge. Thus, it can be said that the implemented
models are indeed suitable for the proposed study.

3. Results and Discussion

For both discharge rates used (3C and 5C), the cooling of the battery cell and consequently
the performance of the BTMS as a function of ¢ was evaluated in terms of Ty, and AT,,;;.
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Figure 5 (a-c) shows (i) Tuax, (ii) AT,ey; and (iii) y plotted versus SoC for the discharge rates
of (a) 3Cand (b) 5C.

(a) 3C (b) 5C
67.0 7 67.0
1 — withou PCM 1 — Withow PCM
61.0—_ -+ =005 61;0—_ <+ $=005
4 == §=0.10 4 == =010
%) 5504 d=015 5507 — ¢p=0.15
&, 490 v 0020 4903 +* 0=020
< 3 . =
 43.04 43.04 ~
~ 3704 37.03
31.0 9 31.09
25-0-|||||||||||||||||||25-0-|||||||||||||||||||
1.0 08 06 04 02 00 10 08 06 04 02 00
SoC [-] SoC [-]
12.0 12.0
—— Without PCM —— Without PCM
1004 == ¢-005 10.04 == ¢-005
- =010 - =0.10
T 80 < 0-01s 804 *+ ¢-0.5
o - $=020 = ¢=020 —
3 6.0 =
= 4.0
2.0
I|III|III|III|III 0.0 II|III|III|III|III
1.0 08 06 04 02 00 10 08 06 04 02 00
SoC [-] SoC [-]
1.0 5 1.0
0.8 0.8
—_ 0.6 0.6 =
=044 04 =~
0.2 0.2
0.0—- | LI DL L L 0.0—- TT I T [T T T [T T T TT11
10 08 06 04 02 00 10 08 06 04 02 00
SoC [-] SoC [-]

Fig. 5. Curves of (i) Tqy (ii) AT,y and (iii) y as a function of SoC for (a) 3C and (b) 5C
discharge rates

In this figure, the results of the battery without BTMS are compared with those obtained
for the cases with BTMS (with PCM reservoir), where W,,, and, consequently, V,,,, vary
with ¢.As expected, the battery cell heats up throughout the discharge, with the heating
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being more pronounced in the 5C case. The highest values of T,,,, are reached at the end
of the discharge (SoC = 0), regardless of the presence or absence of the PCM reservoir.
At this stage of discharge, Ty, was 53,8°C for the 3C case without the PCM reservoir
[Fig. 5 (a)(i)], followed by 50.8°C for the ¢ = 0.05 case; 44°C for ¢ = 0.10; 42°C for ¢ = 0.15
and 41.8°C for ¢ = 0.20. For the same cases, but considering the 5C discharge rate
[Fig. 5 (b)(i)], Trhax at SoC = 0 were 65°C; 60.3°C; 53.6°C; 52.1°C and 51.9°C, respectively.
Thus, it is clear that the PCM reservoir contributed to the battery cooling, reducing T,
by 12°C (53.8°C — 41.8°C) in the 3C discharge rate cases and by 13.1°C (65°C — 51.9°C)
for 5C. Despite the significant reduction in T,,,,, its maximum values are still above the
ideal operating temperature range considered in the present work, which varies between
25°C and 40°C [7]; however, it is still lower than the maximum acceptable temperature
(60°C) [34] proposed by some authors and manufacturers. A more detailed analysis of the
Tmax behavior as a function of SoC shows that the battery temperature is not affected by
the PCM reservoir in the early stages (SoC = 0.8) of the discharge process. The PCM
reservoir only begins to contribute to the battery cooling after SoC = 0.8, when the battery
temperature exceeds the PCM melting temperature, initiating the melting process,
as shown in Fig. 5 (a-b) (iii). For all ¢ tested, T;,,, showed a very similar behavior until
SoC = 0.45. After this moment, T,,,, for the ¢ = 0.05 case has a more pronounced increase.
Since W, is reduced for ¢=0.05, the PCM volume (V,.,) and, consequently, the
PCM mass are smaller. Thus, the PCM reservoir completes its melting more quickly, in the
first half of the battery discharge process (SoC = 0.50), as illustrated in Fig. 5 (a-b) (iii).
As aresult, the battery cell loses the thermal protection provided by the PCM in the second
half of the discharge process, which justifies the increase in T,,,. For the same reason,
amore pronounced heating is observed in the ¢ = 0.10 case during the final stages of
discharge [Fig. 5 (a-b) (i)], asthe complete melting of the PCM occurs at SoC = 0.1.
On the order hand, V,,,, proved to be higher than necessary in the ¢ = 0.15 and 0.2 cases.
Thus, at the end of the discharge process, there is still unmelted PCM in the reservoir
[Fig. 5 (a-b) (iii)], which explains the great similarity of T,,,, between these two cases.
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Fig. 6. Curves of (a) Tpq, and (b) ATcejymax) as a function of ¢ for the discharge rates of
3Cand 5C

The PCM reservoir, and consequently the ¢ value, also had a significant influence on AT,,;.
This is illustrated in Fig. 5 (a-b)(ii), which presents the variation of AT,,;; as a function of
SoC for the battery cell without PCM reservoir, as well as for the cases with reservoir and
different ¢ values. For both discharge rates (3C and 5C), the lowest AT, values are
associated with the baseline cases (without PCM). When the PCM reservoir is included,
there is an increase in AT,,;, which shows that the cooling it provides is not uniform,
especially for the highest values of ¢. For ¢ = 0.05 and 0.10, AT,,; exhibits an increasing
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behavior identical to that observed for ¢ = 0.15 and 0.20. However, after the PCM has
melted completely, AT,,; decreases rapidly, suggesting that the battery cell temperature
becomes more uniform as the PCM reservoir ceases to contribute to its cooling. Figure 6
(a-b) provides a more detailed view of the effects of ¢ on the battery cell cooling, showing
(2) Tinax and (b) the maximum cell temperature difference (AT, ¢y max)) as a function of ¢
for the discharge rates of 3C and 5C.

Ascan be seen inFig. 6 (a-b), Tyqx and AT¢eyy(max) Show opposite behaviors with respect to ¢.
While T4, decreases with ¢ for both discharge rates, AT ¢y (max) increases. This indicates
that increasing the PCM volume by ¢, and therefore its mass, helps to reduce the battery
temperature, but the cooling is not homogeneous, as already mentioned. However, ¢ ceases
to affect Trpqx and ATieymax)y When its value exceeds 0.1; as evidenced by the nearly
constant behavior of these variables for ¢ > 0.1. This means that it is not necessary to
continuously increase the volume of the PCM reservoir to further reduce T,,,, so that its
maximum value does not exceed 40°C or to ensure that ATc.;;may) does not exceed 5°C.
Instead, itrequires ensuring that the PCM melts completely at the right time (end of
discharge) and that the heat generated by the battery is dissipated homogeneously, which
was not achieved for ¢ = 0.15 and 0.20.

(a) $=0.05 (b) $=0.20
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Fig. 7. Temperature contours of the battery cell and the PCM reservoir at the end of the
discharge process (SoC = 0) for the 5C rate, where: (a) ¢ = 0.05 and (b) ¢ = 0.20

Figure 7 (a-b) presents the temperature contours of the battery cell and the PCM reservoir
at the end of the discharge process (SoC = 0) for the 5C rate, considering (a) ¢ = 0.05 and
(b) ¢ = 0.20. As shown in Fig. 7 (a-b), the highest battery temperatures are concentrated
in the center of the cell, regardless of ¢. The battery temperatures are higher in the case
with ¢ = 0.05 compared to the case with ¢ = 0.20, as previously indicated by Fig. 5 (b)(i)
and 6 (a). Analyzing the PCM reservoir for the case with ¢ = 0.05 [Fig. 6 (a)], it is clearly
visible a homogeneous temperature that varies in a range of values between 58 and 59°C,
which is much higher than the PCM melting temperature, 29°C. Therefore, the PCM is
entirely liquefied, consistent with what is shown in Fig. 5 (b)(iii). On the other hand, the
PCM reservoir for the case with ¢ = 0.20 [Fig. 7 (b)] shows heterogeneous temperatures,
ranging from 25°C to approximately 49°C at its top. The dark blue areas indicate
temperatures below the PCM melting temperature, meaning the PCM is still in its solid
phase. Thus, the silhouette of the solid layer is clearly visible, being thicker at the base of

2431



Borahel et al. / Research on Engineering Structures & Materials 11(5) (2025) 2421-2435

the reservoir and gradually thinning towards the top. This shape of the solid PCM layer is
closely related to the convection mechanism, which generates an ascending plume of liquid
PCM. This liquid PCM accumulates at the top of the reservoir, and due to its higher
temperatures, it erodes the solid PCM layer. This accumulation of liquid PCM with higher
temperatures at the top of the reservoir is detrimental to the battery cooling, because it
reduces the heat dissipation and creates temperature gradients between the top and
bottom regions of the battery cell.

(@) ¢=0.05 (b) $=10.20
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Fig. 8. Temperature contours of the battery cell at the end of its discharge process
(SoC = 0) for the 5C rate, with (a) ¢ = 0.05 and (b) ¢ = 0.20

A better understanding of how the natural convection of the liquid PCM affects the
temperature distribution of the battery cell is provided by Figure 8 (a-b), which shows the
temperature contours of the battery at the end of its discharge process (SoC = 0) for the
5C rate, with (a) ¢ = 0.05 and (b) ¢ = 0.20. This figure differs from Fig. 7 by focusing
exclusively on the battery, without considering the PCM reservoir. This allows a more
localized analysis, making the temperature gradients within the battery more evident due
to the better adaptation of the contour scale to the battery temperatures. Once again, it can
be observed for both cases that the maximum temperatures are located in the central
regions of the battery cell. However, the difference between the temperatures at the top
and bottom regions of the cell is now clearly evident in the case of ¢ = 0.20 [Fig. 8 (b)].
Since the hot liquid PCM accumulates at the top region of the reservoir [Fig. 7 (b)], the
temperature gradient between this region and the top of the battery is smaller, reducing
the heat dissipation from the battery and, consequently, justifying its higher temperatures
at the top. On the other hand, the larger amount of solid PCM at the base of the reservoir
results in a greater temperature gradient between this region of the reservoir and the
lower regions of the battery, promoting the heat transfer and, consequently, mitigating the
temperature increase at the base of the battery. Thus, a high temperature gradient is
established in the battery cell, which explains the higher AT¢,;;(nqx) values observed in Fig.
6 (b) for the case under analysis. A possible solution to prevent the accumulation of hot
PCM at the top of the reservoir and promote a more uniform temperature in the battery
would be to divide the reservoir into several compartments. This could be achieved using
fins, which would also help to improve the heat dissipation from the battery.
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4. Conclusions

The objective of this study was to evaluate, using the Constructal Design Method (CDM),
the influence of the width (W) of a reservoir filled with PCM on the cooling performance
of a Li-ion battery pack; composed of six battery cells connected in a 3s2p configuration;
discharged at rates of 3C and 5C. In the context of CDM, the constraint of the system was
the battery cell volume (V,.,,); while the degree of freedom (DoF) was W, which was
expressed in dimensionless form by ¢. The proposed problem was solved computationally
through two-dimensional numerical simulations based on the finite volume method (FVM).
The mathematical model was multiphase, transient, and based on the conservation
equations of mass, energy, and momentum; supplemented by the enthalpy-porosity
method to model the PCM melting. Based on the results obtained, the main findings were:

i) The presence of the PCM reservoir, and consequently its width (W,,), has a strong
influence on the battery cooling. At the end of the discharge process (SoC = 0), the
maximum temperature (T,,,,) reached by the battery cell was equal to 53.8°C for the 3C
case without the PCM reservoir, followed by 50.8°C for the ¢ = 0.05 case; 44°C for
¢ = 0.10; 42°C for ¢ = 0.15 and 41.8°C for ¢ = 0.20. For the same cases, but considering
the 5C discharge rate, Ty, at SoC = 0 were 65°C; 60.3°C; 53.6°C; 52.1°C and 51.9°C,
respectively. In other words, the PCM reservoir contributed to the battery cooling,
especially when it had a larger width, represented by ¢.

ii) In general, T,,,, decreases with ¢, while the maximum battery cell temperature
difference (AT eypmax)) increases. However, for values of ¢ greater than 0.15, these
variables exhibit an asymptotic behavior, becoming practically constant. Since for
¢ = 0.15 and 0.20 the volume of the PCM reservoir proved to be larger than necessary,
the mass of PCM contained inside it does not melt completely. Thus, the latent heat
absorbed by the PCM during its melting becomes practically the same regardless of ¢,
so that T4, and AT ey (max) NO longer vary as a function of . Therefore, reducing T, even
further and ensuring that AT;;;(max) Stays below 5°C (the indicated limit) is not done by
increasing ¢. Thus, it can be concluded that the PCM reservoir width (W) significantly
contributes to the battery cooling. However, varying this parameter alone is not sufficient
to ensure that T, and AT .mayx) remain below the predefined maximum limits
considered, which are 40°C and 5°C, respectively. Therefore, solutions that enhance the
heat dissipation from the battery and ensure it occurs uniformly are required. One
proposed solution, which could be evaluated in future studies, is to divide the PCM
reservoir into several partitions using fins. Theoretically, the fins would increase the
cooling of the battery and, by dividing the PCM reservoir into several compartments, would
prevent the accumulation of molten PCM at high temperatures at the top of the reservoir,
thus contributing to the uniform cooling.
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