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Abstract

A three-dimensional structural model of a cylindrical lithium-ion battery pack incorpo-
rating composite phase change material (PCM) is developed in this study, and numerical
simulations are conducted using CFD software to investigate the heat dissipation character-
istics of the battery pack. The results show that the composite PCM effectively suppresses
the temperature rise within the battery pack, maintaining both the temperature and the
temperature difference in the battery pack within acceptable ranges. Parameter analysis
reveals that increasing the radial thermal conductivity of the battery reduces the heating
rate and improves the temperature uniformity of the overall system. Within the investi-
gated parameter range, increasing the thermal conductivity of the composite PCM beyond
approximately 1 W/(m-K) results in a region of diminishing improvement in thermal
performance. Beyond this range, further increases in thermal conductivity result in only
marginal reductions in the maximum temperature, indicating that excessive enhancement
of thermal conductivity provides limited thermal benefits and should be balanced with
latent heat capacity. An increase in the latent heat of the composite PCM lowers both the
maximum temperature and the maximum temperature difference at the end of discharge,
thereby enhancing system temperature uniformity. Conversely, enlarging the external air
convection heat transfer coefficient yields a limited cooling effect while deteriorating the
temperature uniformity within the system. Therefore, on the principle of fully utilizing
latent heat and minimizing energy consumption, the external convection heat transfer
coefficient should be set as low as possible. This study provides theoretical guidance for
the parametric design of PCM-based thermal management systems.

Keywords: phase change material; numerical simulation; battery thermal management

1. Introduction

Currently, energy scarcity and environmental pollution have emerged as two major
challenges affecting global economic development. The transportation sector is a significant
energy consumer and a major contributor to pollution due to vehicle emissions [1]. In
hydrogen fuel cell vehicles and integrated hydrogen energy systems, lithium-ion power
batteries typically function as auxiliary units for power response and energy recovery,
operating in coordination with fuel cells. Their thermal management performance directly
affects vehicle safety and energy efficiency. Lei et al. [2] investigated the anisotropic thermal
conductivity of batteries and the influence of swelling on directionality, underscoring the
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importance of anisotropic heat conduction within cells for thermal management design.
Lei et al. [3] proposed a liquid-immersed thermal management scheme and analyzed the
thermal runaway behavior of battery modules, revealing that overheating under overcharge
conditions can produce higher peak temperatures than those observed in nail penetration
tests. This research on the thermal safety of large-capacity battery modules under extreme
operating conditions is particularly critical for high-power demand scenarios in hydrogen-
electric hybrid systems. Qi et al. [4] proposed a novel design that combines a liquid cooling
plate (LCP) with non-uniform spiral fins (NUSF), offering a cost-effective and engineering-
scalable solution to enhance the thermal management performance of lithium-ion battery
modules in electric vehicles and energy storage systems. Therefore, advances in battery
thermal management technology also serve as an essential foundation for advancing
hydrogen-fueled transportation.

Proton exchange membrane fuel cells (PEMFCs), as highly efficient clean energy con-
version devices, have demonstrated broad application prospects in transportation and
stationary power generation [5]. The structural design of bipolar plate flow channels is
a key factor that governs the mass transfer efficiency and power density of PEMFCs [6].
In recent years, researchers have sought to enhance reactant mass transfer and improve
cell output performance through the optimization of flow channel geometries. Qi et al. [7]
proposed a novel channel design strategy based on a semi-parallel and semi-interdigitated
mixed flow field, which combines the structural merits of parallel and interdigitated flow
fields to effectively improve reactant distribution uniformity and cell power density. Ad-
ditionally, embedding non-uniform bluff bodies in the flow channels has been proven to
significantly enhance convective mass transfer. Qi et al. [6] systematically investigated the
effects of bluff body geometry, size, and arrangement on the net output power of PEMFCs,
revealing the underlying mechanism by which non-uniform configurations achieve spa-
tially differentiated mass transfer enhancement and multi-physics field homogenization
along the channel. Beyond flow field optimization, air cooling technology also represents an
important research direction for PEMFC systems. Meanwhile, photovoltaic-PEMFC hybrid
energy systems, as integrated energy solutions that combine solar power generation with
hydrogen utilization, have also attracted considerable attention in the fields of renewable
energy storage and distributed power supply [8-11].

However, lithium-ion batteries, known for their long cycle life, high energy density,
low self-discharge rate, and absence of memory effects, are currently considered an ideal
power source for new energy systems and are widely used in electric vehicles [12]. As
the power source, the operational performance of lithium-ion batteries directly affects
the reliability and safety of vehicles [13]. However, lithium-ion batteries are sensitive
to temperature [14]. Typically, the optimal operating temperature range for lithium-ion
batteries is between 25 °C and 50 °C [15], and the maximum temperature difference among
cells within a module should not exceed 5 °C [16]. Prolonged exposure to unsuitable
temperatures or excessive temperature differences can lead to various performance issues
and potential safety risks [17]. During normal operation, lithium-ion batteries generate a
substantial amount of heat. If this heat is not dissipated in a timely manner and accumulates
within the battery, it leads to a continuous rise in temperature [18-20]. Particularly in high-
temperature environments, where the initial battery temperature is already elevated, the
heat generated during charge and discharge cycles can quickly cause the battery pack to
overheat [21,22]. This not only results in significant degradation of battery performance but
also substantially increases the risk of thermal runaway within the pack [23,24]. Therefore,
it is essential to implement external thermal management strategies to effectively dissipate
heat from the batteries.
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In current research, the battery thermal management system (BTMS) is recognized
as a critical technology for ensuring battery performance and safety. Based on the heat
transfer medium, BTMS can be categorized into four types: air cooling, liquid cooling,
heat pipe cooling, and PCM-based thermal management systems [25-27]. In terms of
energy consumption, thermal management systems can be classified as active or passive
cooling. Compared to active cooling methods, passive cooling approaches offer several
advantages [28-30]. PCM-based battery thermal management represents a novel passive
thermal management approach. Compared with conventional methods, it offers advantages
such as a simple structure, high heat dissipation efficiency, excellent temperature uniformity,
and no additional energy consumption, demonstrating significant potential for practical
applications [31-33]. During reversible phase transition processes, PCM can absorb or
release substantial latent heat while maintaining an almost constant temperature [34].
This characteristic not only effectively controls battery temperature rise but also greatly
improves temperature uniformity within the battery pack [35].

In recent years, numerous scholars have conducted research on PCM-based battery
thermal management systems [36-38]. Wang et al. [39] numerically analyzed the perfor-
mance of a PCM-based BTMS, demonstrating that phase change materials exhibit favorable
heat storage and temperature-uniforming capabilities. Lin et al. [40] systematically ana-
lyzed key parameters, including liquidus temperature, discharge rate, thermal conductivity,
filling thickness, and latent heat, to elucidate the melting evolution process of PCM in
battery thermal management systems. Zhang et al. [41] systematically analyzed, through
numerical simulation, the influence of the thermophysical properties of 50 PCMs on BTMS
performance. Jilte et al. [42] investigated an optimized system incorporating a double-layer
PCM structure through numerical simulation.

Despite the great potential of PCMs in battery thermal management, their in-
trinsic drawbacks—low thermal conductivity, poor heat transfer capability, and high
flammability—can significantly impair battery performance [43]. In contrast, compos-
ite phase change materials (CPCM) offer distinct advantages, including high thermal
conductivity, non-flammability, and excellent stability [44,45]. Zhou et al. [46] systemati-
cally explained the influence mechanism of PCM coverage on cooling performance. Their
research confirmed that adopting a full-side composite PCM structure is an effective and
feasible approach for battery module thermal management. Aliya et al. [47] developed a
novel flexible CPCM using polyethylene glycol as the phase change core. The material was
effectively encapsulated and supported by a rigid matrix of styrene-ethylene-propylene-
styrene block copolymer and a flexible network of polyolefin elastomer, thereby improving
its form stability. Zhang et al. [48] integrated a CPCM into a module and systematically
evaluated its thermal performance under controlled forced convection. The results showed
that, compared with pure paraffin, the CPCM consistently improved temperature unifor-
mity within the module and reduced the average temperature. Qi et al. [49] found that a
hybrid liquid cooling and phase change system incorporating CPCM significantly reduced
both the peak surface temperature and its uniformity in the module. Zhang et al. [50] per-
formed a comprehensive thermal analysis of a 16-cell lithium-ion battery pack using CFD.
They observed that the introduction of PCM extended the thermal regulation duration to
approximately 12.5 min, effectively buffering thermal shocks during peak load conditions.
Qiu et al. [51] prepared and applied a flame-retardant flexible CPCM for temperature
control and thermal runaway prevention in battery packs.

This study proposes a thermal management system for cylindrical lithium-ion battery
packs based on a CPCM. Numerical simulations are conducted using computational fluid
dynamics (CFD) software on a 26650 cylindrical LiFePOy battery pack model integrated
with CPCM. The aim is to investigate the heat dissipation characteristics and systematically
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analyze the effects of key parameters on thermal management performance, including the
discharge rate, radial thermal conductivity, thermophysical properties of the PCM, and
external environmental conditions. The findings provide valuable references for the design
of PCM-based battery cooling systems.

2. Numerical Model
2.1. Battery Thermal Generation Model

Due to the complex internal structure of lithium-ion batteries and the fact that the
thermophysical properties of the constituent materials may vary with temperature and
state of charge, it is challenging to establish a thermal model that precisely replicates the
heat generation process. To simplify the analysis, the following assumptions are adopted
for the battery thermal model [52]:

(1) The battery is homogeneous and generates heat uniformly.

(2) The thermophysical properties of the battery are constant, independent of temperature
and state of charge.

(3) The thermal conductivity of the battery is anisotropic, with distinct values in the axial
and radial directions.

(4) Radiative heat transfer and internal convection within the battery are neglected.

Prior to conducting numerical analysis on the battery pack, the heat generation rate
of the battery must be calculated. In this study, the Bernardi equation from battery heat
generation models is employed to determine the heat generation of the battery [24,25,36].
This formula accurately simulates the heat generation rate of the battery under real-world
operating conditions and shows the closest agreement with experimental results. It is
expressed as follows:

q:Q:1<12R+1T

Ay 1)

In this equation, g represents the volumetric heat generation rate of the lithium-
ion battery (W/ m?), and V is the volume of the lithium-ion battery (m?). I denotes the
operating current (A), and T is the initial temperature of the battery (K), taken as 298.15 K.
The term dUyey /dT is the entropy heat coefficient (V/K), which is assumed to be constant
at 0.4 mV/K. R represents the internal resistance of the battery ((), assumed to be constant
at 28 mQ).

This study uses a 26650 cylindrical LiFePOy lithium-ion battery with a capacity of
3 Ah. The specification parameters of the battery are derived from the literature and are

dUopcv
dT

presented in Table 1. By applying Equation (1) and incorporating the battery parameters
listed in Table 1, the heat generation rate of the battery under discharge multiplicities
ranging from 1 C to 5 C is calculated. The results are summarized in Table 2.

Table 1. Specification parameters of lithium-ion battery.

Parameters Value
Capacity (Ah) 3
Battery Diameter (mm) 26
Battery Height (mm) 65
Battery Weight (g) 85
Nominal Voltage (V) 32
Discharge Cut-off Voltage (V) 2.0
Internal Resistance (m(2) 28
Radial Thermal Conductivity [W/(m-K)] 0.98
Axial Thermal Conductivity [W/(m-K)] 26.96
Density (kg/m?) 2463
Specific Heat Capacity [J/(kg-K)] 1375
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Table 2. Battery heat generation rates at different discharge rate.

Discharge Rate (C) 1 2 3 4 5
Heat i‘%(;r\}e/it;;’n rate  17669.46 4994321 9682126 158303.61 234,390.25

2.2. Physical Model

The CPCM was prepared using stearic acid (SAT), acrylonitrile-butadiene-styrene
copolymer (AC), and expanded graphite (EG) at a mass ratio of 100:18:12. The thermophys-
ical properties of the CPCM are presented in Table 3. The resulting material is a form-stable
composite PCM, meaning it does not leak and remains in a solid state both before and after
phase change. Thermal conductivity was measured using a TC3100 thermal conductivity
analyzer (XIATECH, Xi’an, China) based on the transient hot-wire method, while the phase
change temperature and latent heat were determined via differential scanning calorimetry
(DSC). Given that the discharge rate of battery packs in new energy vehicles typically does
not exceed 3 C during daily operation, the required amount of PCM in this study was
estimated based on the heat generation rate of the battery at a 3 C discharge. This approach
ensures adequate thermal management for various operating conditions while avoiding
unnecessary weight increase. According to Equation (12) and the estimated heat generation
of a single cell at a 3 C discharge, the calculated thickness of the composite PCM layer
surrounding the battery is 2 mm.

Table 3. Physical properties of prepared composite PCM.

Specific Heat Latent Heat of Phase Change Thermal

Density/ . Phase Change .. Viscosity

Parameter 3 Capacity/ Phase Change/ > Temperature Conductivity/ ]
(kg/m?) J/(kg-K)] (J/ke) Temperature/(°C) Range/(°C) W/m-K)] /[kg/(m-s)]

Value 400 2931 151.64 40.72 2 1.411 1010

The PCM-based thermal management structure for lithium-ion batteries is primarily
composed of a battery module and a PCM module. The battery module consists of
25 identical 26650 lithium-ion cells arranged in a 5-series and 5-parallel configuration.
The PCM module is designed as a conventional enclosure-type structure with dimensions
of 150 mm x 150 mm x 65 mm. This structure features cavities for 25 individual
26650 lithium-ion cells, with a spacing of 4 mm between adjacent cells. The distance
between the cells and the enclosure walls is set to half of the inter-cell spacing. The
system model is illustrated in Figure 1.

2.3. PCM Model

This study adopts the solidification and melting model based on the enthalpy method
in Fluent to solve the heat transfer problem during phase change [20]. Due to the complexity
of the phase change heat transfer problems in practice, in order to facilitate the simulation,
the following assumptions are proposed [10,20,52]:

(1) The PCM is in perfect contact with the battery, with no thermal contact resistance.

(2) Since the PCM applied in this study is a form-stable CPCM, only the heat conduction
within the PCM is considered, and the convective heat transfer after the PCM phase
change is ignored. The viscosity of the liquid phase PCM is set to 10!° kg/(m's).

(3) The thermal conductivity of the PCM is isotropic.

(4) The PCM is homogeneous, and its density, specific heat capacity, and thermal conduc-
tivity do not vary with temperature.

(5) Radiation during the heat transfer process is ignored.
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Lithium-ion battery module l PCM module

A

Thermal management structure

Figure 1. System model.

Based on the above assumptions, the continuity equation, momentum equation, and
energy conservation equation of the PCM during the phase change heat transfer process
are as follows.

Continuity equation:

V- (ppcmu) =0 2)
Momentum equation:
ou; 2 ap
ppcM -+ ppPemppeM Vil = ppem Vil — 5 + ppem8i + Si ©)
1
Energy equation:
JoH
prcM 5+ ppem ViuH = kpem V2 Tpem 4)

In the above equation, ppcy represents the density of PCM (kg/m?); u is the velocity
vector of PCM (m/s); Tpem is the current temperature of PCM (K); kpcy is the thermal
conductivity of PCM (W/(m-K)); S is the momentum source term (N); u is the dynamic
viscosity of PCM (kg/(m-s)); p is the pressure (Pa); g is the local gravitational acceleration
(m/s?); H is the total enthalpy of PCM (J/kg). The total enthalpy is calculated as follows:

H=h+AH (5)
T
= / CrendT (6)
Ty
AH = By @)
0 TPCM < Ts
p={ Beul T <Tpoy < T, 8)
1 Tpcm = T;

Here, h represents the sensible enthalpy value of PCM (J/kg); AH represents the latent
enthalpy value occupied by PCM (J/kg); v represents the latent heat of phase change in
PCM (J/kg); B represents the liquid phase ratio of PCM; T represents the melting point
temperature of PCM (K); T represents the temperature at which PCM completely melts (K).

Assuming no heat exchange between the PCM-battery module and the external en-
vironment, the heat generated by the lithium-ion battery is completely absorbed by the
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battery itself and the PCM. Theoretical calculations can be utilized in combination with the
relevant thermophysical properties of the lithium-ion battery; the total heat generation of
the lithium-ion battery Q is:

Q = Qrcm + Qcent )
Qpcm = mpemCpem(T1 — To) + mpevHpem (10)
Qcell = Meel1Ceent (T1 — To) (11)

Here, mpcy represents the mass of PCM (kg); Cpcum denotes the specific heat capacity
of PCM (J/(kg-K)); mcen indicates the mass of the battery (kg); C.ey represents the specific
heat capacity of the battery (J/(kg-K)); H is the latent heat of phase transition of PCM
(kJ/kg); T is the phase transition temperature of PCM (K); T is the initial temperature of
PCM (K).

Based on this, the required mass of PCM can be estimated:

Q B chll

m = 12
PEM ™ Coom(Th — To) + Heem (12)
v = Mpcm (13)

Prcm
Voem = Viox — N7tz H (14)

where N = 25, and the diameter and height of each cylindrical battery cell are 26 mm and
65 mm, respectively. In the numerical model, the spacing between adjacent battery cells
was set to 4 mm, corresponding to an equivalent single-side PCM thickness of 2 mm around
each battery cell. The distance between the peripheral battery cells and the outer wall of
the container was also set to 2 mm.

In summary, the required PCM mass was first determined through an energy balance
analysis under the 3C discharge condition to meet the specified thermal regulation tar-
get. Then, by considering the PCM density and the available packing space within the
5 x 5 cylindrical battery arrangement, the inter-cell spacing was optimized to 4 mm, result-
ing in an equivalent single-side PCM thickness of 2 mm. This optimized thickness provides
adequate heat storage capacity while maintaining a favorable compromise between thermal
management capability, module volume, mass, and structural compactness.

2.4. Initial Conditions and Boundary Conditions

Before the formal simulation, the initial state is defined as
t=0; T(X,]/, Z) = lamb (15)

where Ty, is the ambient temperature. In this study, the ambient temperature was set to a
constant value of 298.15 K (25 °C), and the initial temperatures of both the PCM and the
batteries were assumed to be equal to the ambient temperature.

The boundary conditions for lithium-ion batteries and PCM are:

dT. dTpcm
TR T (16
The boundary conditions of PCM with the external environment are:
dT,
)\pcm% = h(Tpcm - Tamb) (17)
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where A, /\Pcm, and h represent the thermal conductivity of the battery, the thermal con-
ductivity of the PCM, and the convective heat transfer coefficient, respectively; T is the
battery temperature. In this study, the thermal boundary conditions for all six surfaces (top,
bottom, and four sides) of the battery thermal management system model are set to natural
convection with identical convective heat transfer coefficients. Unless otherwise stated, the
coefficient is initially set to 5 W/(m?-K).

2.5. Meshing

The geometric model was developed using SolidWorks (SolidWorks2021) software
and subsequently imported into ICEM CFD for meshing. Numerical simulations of the
battery pack were conducted using the CFD software ANSYS Fluent 2022 R2. To ensure
solution accuracy, the convergence criteria for the residuals of the momentum, continuity,
and energy equations were set to 107°, 107, and 107, respectively. A time step of 1 s was
employed, with a maximum of 20 iterations per time step. Second-order upwind schemes
were applied for the spatial discretization of the momentum and energy equations.

In this study, the maximum temperature of the battery during a 3 C discharge was
simulated. As shown in Figure 2, when the mesh count of a single lithium-ion battery cell
increased from 32,000 to 140,712, the corresponding change in the maximum temperature
was less than 0.005 °C. To improve computational efficiency, a meshing scheme with
32,000 cells was adopted for a single lithium-ion battery cell.

54.805 -

54.800

54.795 |

Maximum temperature/°C

54.790 |

54.785 R R ERNRN TP TN BRI SR R |
0 2 4 6 8 10 12 14 16

Grid number/10*

Figure 2. Grid independence verification for a single cell.

To validate the model, this study compares its predictions with data from the literature.
Under an ambient temperature of 25 °C and a convective heat transfer coefficient of
5 W/(m?-K), the maximum surface temperature of the battery during discharge at different
rates was simulated and compared with the data reported by Zhang [53]. As shown in
Figure 3, the temporal evolution of the maximum surface temperature at discharge rates of
1C,3C, and 5 Cis in excellent agreement with the literature data, thereby demonstrating
the accuracy of the proposed model.

Furthermore, quantitative validation was performed using the root mean square error
(RMSE) to evaluate the deviation between the simulated and experimental temperatures.
The RMSE values for the 1C, 2C, and 3C discharge conditions were 1.52 °C, 0.64 °C, and
4.71 °C, respectively. The relatively low RMSE values indicate good agreement between
the numerical predictions and experimental measurements. Although a relatively larger
deviation was observed under the 3C discharge condition, it can be attributed to the
increased heat generation rate, non-uniform internal heat generation, and measurement
uncertainties under high-rate discharge conditions. Overall, the proposed model provides
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reliable predictions of the temperature evolution of lithium-ion battery cells under different
discharge rates.

—a— | C experiment
—a— | C simulate
—&— 3 C experiment
—»— 3 C simulate

~1
=
T

(=)
=
T

5 C experiment
5 C simulate

Maximum surfacc temperagture/°C
= wn
= =
T T

1]
=
T

0 500 1000 1500 2000 2500 3000 3500 4000

Discharge lime/s

Figure 3. Single cell model validation.

Moreover, in this study, the ambient temperature and the initial temperatures of both
the lithium-ion battery and the CPCM are set to 298.15 K (25 °C), together with a discharge
rate of 3 C, as the initial conditions for simulating the liquid fraction of the CPCM. The
results indicate that, as shown in Figure 4, a meshing scheme with a total grid count of
1,273,800 for the thermal management system of the lithium-ion battery pack achieves the
best computational efficiency while maintaining calculation accuracy.

0.682 | . .
|}

0.681 | /
=
2
3 0.680 -
2 u
£
=
3 0.679
=3
(E) 0.678 |-
[=%
o

0.677 |

0.676 u

1 1 1 1 1
0 50 100 150 200 250
Grid number/10*

Figure 4. Validation of system-level grid independence.

3. Results and Discussion

3.1. Temperature Variation Characteristics of a Single Battery Cell in the Absence of
Composite PCM

Figure 5 shows the temperature change curves of the maximum temperature of a single
cell without encapsulated composite PCM when it is only cooled by natural convection
of air during discharge at 1C-5C rates. From the figure, it can be seen that the maximum
temperatures of the single cell without PCM at 1C-5C are 42.57 °C, 57.84 °C, 72.15 °C,
86.14 °C, and 99.97 °C, respectively. Only at the 1 C discharge rate does the maximum
temperature of the single cell not exceed 50 °C, which is within the optimal working
temperature range of lithium-ion batteries (25-50 °C). At discharge rates of 3 C and above,
the battery temperatures all exceed 60 °C. At the 5 C discharge rate (abuse condition), the
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maximum temperature of the single cell reaches as high as 99.97 °C, which will greatly
impair the performance of lithium-ion batteries and may even cause thermal runaway.
Therefore, it is necessary to adopt appropriate thermal management measures to enhance
heat dissipation and ensure that the battery operates within a suitable temperature range.

110
100 - T (1€)
& ——T,..(2C)
Dot —T,..(3C)
% - I ——T,.(4C)
S g0k
ol T, (50)
g 70
L |
£ 60
5 |
E 50
oL
= 40

30 |

h 1 L 1 L 1 1 1 1 1 1 1 L 1 '
0 500 1000 1500 2000 2500 3000 3500

Discharge time/s
Figure 5. Maximum temperature variation curves of single cell without wrapped composite PCM.

3.2. Thermal Management Characteristics of Lithium-lon Battery Packs Based on Composite PCM
3.2.1. Temperature Variation Within the Battery Pack Under Different Discharge Rates

In this section, the influence of wrapping SAT-AC/EG composite PCM on the tem-
perature variation within the battery pack under different discharge rates (1 C-5 C) is
investigated through numerical simulations. Figure 6 presents the maximum temperature
profiles of the battery pack with composite PCM at various discharge rates. As shown,
compared to the bare cells, the temperature rise rate of the battery pack with composite
PCM is significantly reduced across all discharge rates. At the end of the discharge, the
maximum temperatures are 38.38 °C, 43.37 °C, 46.40 °C, 50.84 °C, and 56.57 °C for 1 C, 2 C,
3C,4C,and 5 C, respectively. As mentioned earlier, the amount of composite PCM used
in this study was determined based on the heat generation rate at a 3 C discharge. The
simulation results show that at the end of the 3 C discharge, the maximum temperature
inside the battery pack (46.40 °C) remains within the optimal operating temperature range
(25-50 °C), indicating that the design meets the thermal management requirements. Al-
though the maximum temperatures under the 4C and 5C discharge conditions exceeded
the recommended operating temperature range, they did not exceed 60 °C. This suggests
that the proposed thermal management strategy can effectively mitigate excessive tem-
perature rise to some extent under high-rate discharge conditions. Additionally, it can
be observed from the curves that only under the 1 C discharge rate does the maximum
temperature curve lack an inflection point where the slope decreases. This is because, at
1 C, the maximum temperature inside the battery pack never reaches the phase change
temperature of the composite PCM (40.72 °C). Consequently, the composite PCM absorbs
heat solely as sensible heat throughout the process. The appearance of inflection points in
the other curves is attributed to the phase change process of the composite PCM.

Figure 7 illustrates the maximum temperature difference curves among cells within
the battery pack incorporating composite PCM under various discharge rates. As can be
observed, the maximum temperature difference remains below 5 °C across all discharge
rates, satisfying the thermal management requirements. Although the 3 C discharge
generates more heat compared to the 1 C discharge, the peak value of the maximum
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temperature difference does not occur at the end of the discharge and is significantly
lower. This is because, during the 3 C discharge process, the composite PCM reaches its
phase change temperature and begins to melt, absorbing a substantial amount of latent
heat during the nearly isothermal phase transition. This not only effectively mitigates
the temperature rise in the cells but also greatly enhances the temperature uniformity
within the pack. In summary, the composite PCM effectively slows down the temperature
increase within the battery pack through three mechanisms: heat conduction, sensible heat
storage, and latent heat storage, thereby keeping the internal temperature and temperature
difference within reasonable limits. Since the amount of composite PCM used was estimated
based on the 3 C discharge condition, and to simplify the subsequent workload, the 3 C
discharge rate is selected as the representative case for further investigation in this study.

60 -
— THIEX(] C)

OSSE —T,,(20)
S —T,_ (3C)
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45
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=
E35
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= 30

25 | | 1 1 1 1 1 | |
0 400 800 1200 1600 2000 2400 2800 3200 3600

Discharge time/s

Figure 6. Variation curves of maximum temperature inside the battery pack embedded in composite
PCM matrix at different discharge rate.

—
[
1

—=—AT,_(1C)

max

——AT,..20)

mux

—— AT, (3C)

max

—+— AT, (4C)

max’

AT, (5C)

max’

e
-
T

=
o
1

S
=
T

=
=
1

=
o
I

0 400 800 1200 1600 2000 2400 2800 3200 3600
Discharge time/s

=
=
\

Maximum temperature difference/°C

Figure 7. Variation curves of maximum temperature difference between cells of wrapped composite
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3.2.2. Influence of the Radial Thermal Conductivity of the Battery on Temperature
Variation Within the Battery Pack

The radial thermal conductivity of the selected battery is 0.98 W/(m:K). To further
investigate the influence of battery parameters on thermal management performance, this
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section employs the controlled variable method, setting the radial thermal conductivity
(consistent with circumferential thermal conductivity) to 0.3, 0.5, 1.5, 2, and 3 W/ (m-K),
respectively, to explore its impact on thermal management effectiveness.

Figure 8 shows the variation curves of the maximum temperature within the battery
pack under the 3 C discharge for different radial thermal conductivity values. The results
indicate that as the radial thermal conductivity increases, the temperature rise rate of
the maximum temperature decreases. This is because higher radial thermal conductivity
enhances the battery’s internal heat diffusion capacity, enabling faster heat transfer to the
composite PCM and subsequently to the external environment.
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Figure 8. Variation curves of the maximum temperature inside the battery pack embedded in a
composite PCM matrix under different cell radial thermal conductivity.

At the end of the 3 C discharge, the maximum temperatures within the battery pack
for radial thermal conductivity of 0.3, 0.5, 0.98, 1.5, 2, and 3 W/(m-K) are 51.40 °C, 48.95 °C,
46.40 °C, 45.38 °C, 44.90 °C, and 44.42 °C, respectively. When the radial thermal conduc-
tivity increases from 0.3 W/(m-K) to 3 W/(m-K), the maximum temperature decreases
by 6.98 °C. Notably, 6.02 °C of this reduction (86% of the total) occurs when the thermal
conductivity increases from 0.3 W/ (m-K) to 1.5 W/(m-K). Beyond 1.5 W/(m-K), further
increases in thermal conductivity result in progressively smaller temperature reductions.

Figure 9 presents the temperature contour of the thermal management system from a
top view at the end of the 3 C discharge. A lower radial thermal conductivity of the battery
leads to greater radial thermal resistance within the cell. This impedes heat transfer from the
battery to the composite PCM, causing heat to accumulate inside the battery and resulting in
an increase in the maximum battery temperature. Consequently, the temperature gradient
within the entire system—including both the battery module and the composite PCM
module—becomes more pronounced, deteriorating the overall temperature uniformity.
Therefore, in the design of lithium-ion batteries, efforts should be made to address the issue
of low radial thermal conductivity through improvements in manufacturing processes and
material properties.

3.2.3. Influence of PCM Thermal Conductivity on Temperature Variation Within the
Battery Pack

The thermal conductivity of PCM is a crucial external factor affecting thermal man-
agement performance. The composite PCM prepared in this study exhibits a thermal
conductivity of 1.411 W/(m-K). To further elucidate the influence of PCM thermal con-
ductivity on temperature variation within the lithium-ion battery pack, a control variable
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approach was adopted. The thermal conductivity of the PCM was set to 0.3, 0.5, 1, 2, and
3 W/(m-K) while keeping other parameters unchanged. Figure 10 presents the maximum
temperature profiles of the battery pack during the 3 C discharge under different PCM
thermal conductivity. As shown, when the thermal conductivity increases from 0.3 to
3 W/(m-K), the maximum temperatures at the end of the discharge are 47.64 °C, 47.10 °C,
46.58 °C, 46.40 °C, 46.26 °C, and 46.13 °C, respectively. With increasing PCM thermal con-
ductivity, the maximum temperature within the battery pack decreases. However, once the
thermal conductivity exceeds about 1 W/(m:-K), further increases have a diminishing effect
on reducing the maximum temperature. Therefore, for a specific thermal management
system, it is not necessary to pursue an excessively high thermal conductivity for the PCM.
Currently, the thermal conductivity of PCM is commonly enhanced by incorporating highly
conductive additives such as expanded graphite (EG) or metal nanoparticles. However,
this improvement often comes at the cost of a significant reduction in latent heat, which
may increase the required amount of composite PCM to meet the thermal management
objectives, thereby adding weight and complexity to the system. Consequently, for a given
thermal management application, the thermal conductivity of the PCM should not be
considered in isolation; rather, a comprehensive analysis incorporating the corresponding
latent heat is essential for optimal material selection.
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Figure 9. Temperature contours at the end of the 3C discharge: (a) 0.3 W/(m-K), (b) 0.98 W/(m-K),
(c) 3W/(m-K).

Figure 11 shows the variation curves of the maximum temperature difference among
cells under different PCM thermal conductivity during the 3 C discharge. As the thermal
conductivity of the PCM increases, the maximum temperature difference among cells rises
more rapidly in the early stage of the discharge, with a slightly higher peak value. This
is because higher thermal conductivity of the PCM leads to greater thermal diffusivity
within the PCM module, making the influence of external convective heat transfer on
the temperature gradient among cells more pronounced. Once the PCM in the central
region of the system—where heat dissipation conditions are relatively poor—begins to
melt earlier than that in the peripheral region, the maximum temperature difference among
cells starts to decrease. Moreover, with higher PCM thermal conductivity, the decline
in the maximum temperature difference becomes more significant, resulting in a smaller
maximum temperature difference among cells at the end of the discharge.

3.2.4. Influence of PCM Latent Heat on Temperature Variation Within the Battery Pack

In the initial configuration, the latent heat of the composite PCM was 151.64 k] /kg.
To investigate the influence of PCM latent heat on thermal management performance, the
latent heat value was varied to 100, 125, 175, and 200 k] /kg while keeping other parameters
unchanged. Figure 12 presents the maximum temperature variation curves within the
battery pack during the 3 C discharge for different PCM latent heat values. As shown, when
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the latent heat is set to 100, 125, 151.64, 175, and 200 k] /kg, the corresponding maximum
temperatures at the end of the discharge are 47.07 °C, 46.67 °C, 46.40 °C, 46.26 °C, and
46.15 °C, respectively. With increasing latent heat, the maximum temperature within the
battery pack decreases. This is because a higher latent heat results in a lower liquid fraction
after absorbing the same amount of heat, thereby slowing down the melting rate and
leading to a smaller temperature rise.
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Figure 10. Variation curves of the maximum temperature inside the battery pack with different PCM
thermal conductivity.
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Figure 11. Variation curves of maximum temperature difference between cells with different PCM
thermal conductivity.

Figure 13 illustrates the variation curves of the maximum temperature difference
among cells during the 3 C discharge for different PCM latent heat values. As can be
observed, in the early stage, the temperature within the battery pack has not yet reached
the phase change temperature of the PCM, and heat storage occurs only as sensible heat.
Therefore, varying the latent heat does not affect the maximum temperature difference
among cells during this period. Once the PCM in the central region reaches the melting
temperature earlier than that in the peripheral region, the maximum temperature difference
curve begins to decline. A higher latent heat leads to a more pronounced decrease in the
maximum temperature difference, resulting in a smaller temperature difference among
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cells at the end of the discharge and improved temperature uniformity within the system.
Specifically, when the latent heat of the PCM is 100, 125, 151.64, 175, and 200 k] / kg, the
corresponding maximum temperature differences among cells at the end of the discharge
are 0.47 °C, 0.34 °C, 0.25 °C, 0.22 °C, and 0.19 °C, respectively.
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Figure 12. Maximum temperature variation curves within the battery pack based on PCM with
different latent heat values.

—=— AT, (100)

05 -
—e— AT, (125)
04 L T AT (15169
—— AT, (175)
AT, (200)

[—]
i
T

o
%
T

=
—
T

200 400 600 800 1000 1200
Discharge time/s

e
=
adl 4

Maximum temperature diffrernce/°C

Figure 13. Variation curves of maximum temperature difference between cells based on PCM with
different latent heat values.

3.2.5. The Influence of the Convective Heat Transfer Coefficient of External Air on the
Temperature Variation Characteristics Within the Battery Pack

This section continues to apply the control variable method to study the influence of the
external convective heat transfer coefficient on system thermal management performance.
The external convective heat transfer coefficients are set to 5, 10, 20, 30, and 40 W/(m?2-K).
The variation in the maximum temperature within the battery pack over time is shown
in Figure 14. From the figure, when the external convective heat transfer coefficient is
5, 10, 20, 30, and 40 W/(m?-K), the peak maximum temperatures are 46.40 °C, 46.14 °C,
45.66 °C, 45.20 °C, and 44.76 °C, respectively. It can be seen that as the external convective
heat transfer coefficient increases, the maximum temperature gradually decreases. This
is because increasing the external convective heat transfer coefficient accelerates heat
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dissipation at the system boundary. However, since the maximum temperature occurs in
the middle of the system where heat dissipation conditions are the worst, increasing the
external convective heat transfer coefficient does not have a significant effect on reducing
the system’s peak temperature.
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Figure 14. Variation curves of maximum temperature inside the battery pack with different external
convective heat transfer coefficients.

The temporal evolution of the maximum temperature difference among cells is il-
lustrated in Figure 15. As can be observed, when the external convective heat transfer
coefficient is set to 5, 10, 20, 30, and 40 W/ (m?K), the corresponding peak values of the
maximum temperature difference among cells are 0.50 °C, 0.92 °C, 1.61 °C, 2.16 °C, and
2.62 °C, respectively. It is evident that a larger external convective heat transfer coefficient
leads to poorer temperature uniformity within the system. This is because increasing
the convective heat transfer coefficient accelerates heat dissipation from the peripheral
cells, which inherently benefit from better heat dissipation conditions compared to the
centrally located cells. In contrast, cells in the central region are less affected by changes
in the external convective heat transfer coefficient, resulting in an enlarged temperature
gradient within the system. Furthermore, as the external convective heat transfer coefficient
increases, it becomes more difficult for the internal temperature to reach the phase change
temperature of the composite PCM. Consequently, the inflection point where the maximum
temperature difference curve begins to decline appears later, and the subsequent decline
is less pronounced. In some cases, a secondary rise no longer occurs before the end of
discharge due to the relatively low liquid fraction of the composite PCM at the end of dis-
charge. This significantly reduces the efficiency of latent heat utilization within the system.
The external convective heat transfer coefficient should be optimized based on a compre-
hensive evaluation of the maximum battery pack temperature, temperature uniformity,
CPCM latent heat utilization efficiency, and auxiliary energy consumption. Therefore, an
excessively low or high convective heat transfer coefficient is not necessarily desirable, and
an appropriate value should be selected to achieve a balance between thermal regulation
performance and energy consumption.

Under natural convection conditions, a relatively low heat transfer coefficient can
help maintain a more uniform temperature distribution within the battery module and
promote a larger phase change region of the CPCM. However, it may also weaken the heat
dissipation capability of the system to the surrounding environment.
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Figure 15. Variation curves of maximum temperature difference between cells with different external
convective heat transfer coefficients.

In contrast, increasing the heat transfer coefficient through forced convection, such as
air cooling, can effectively reduce the maximum temperature of the battery pack, but this
may simultaneously increase fan power consumption and reduce the spatial uniformity
of CPCM latent heat utilization. Since the present study does not incorporate models for
fan power consumption, flow resistance, or auxiliary system energy requirements, the
optimal operating condition in terms of overall energy efficiency cannot be quantitatively
determined at this stage.

Future studies will incorporate fan power consumption, pressure drop, and system
coefficient of performance (COP) into a multi-objective optimization framework to achieve
a balanced design considering maximum temperature, maximum temperature difference,
latent heat utilization efficiency, and auxiliary energy consumption.

4. Conclusions

This paper presents a composite PCM-based battery thermal management system
designed for a cylindrical lithium-ion battery pack. Using the controlled variable method,
the individual effects of key parameters—including discharge rate, battery radial thermal
conductivity, PCM thermal conductivity, latent heat, and external air convective heat trans-
fer coefficient—on the thermal management performance were systematically analyzed.
The conclusions are as follows:

(1) The composite PCM can effectively mitigate the temperature rise within the battery
pack through three mechanisms: heat conduction, sensible heat storage, and latent
heat storage, thereby maintaining the internal temperature and temperature difference
within reasonable ranges for discharge rates up to 3 C.

(2) Under the CPCM properties and boundary conditions adopted in this study, the
single-factor variation results indicate that the maximum temperature of the battery
pack decreases as the radial thermal conductivity increases, with the change being
particularly pronounced in the low thermal conductivity region of 0.3-1.5 W/(m-K).
Judging solely from the single-factor trend, cylindrical batteries with a radial thermal
conductivity in the range of 1-1.5 W/(m-K) exhibit better compatibility with the
CPCM prepared in this work. This conclusion provides directional guidance for
battery selection rather than representing a globally optimal value.

(38) During the single-factor analysis, as the PCM latent heat increases, the maximum
temperature within the battery pack at the end of discharge decreases, accompanied
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by a reduction in the maximum inter-cell temperature difference and improved system
temperature uniformity.

(4) Increasing the external convective heat transfer coefficient results in a slight decrease
in the maximum temperature within the pack, but its effect on reducing the system’s
peak temperature is not significant. Moreover, a higher external convective heat
transfer coefficient worsens the temperature uniformity within the system. Based on
the principles of maximizing latent heat utilization and reducing energy consump-
tion, the convective heat transfer level should be synergistically optimized to seek
the parameter combination that minimizes energy consumption while meeting the
constraints on maximum temperature and temperature difference.

In our future work, the following investigations will be carried out:

(1) A transient model incorporating charge—discharge cycles will be developed to examine
the thermal response and solidification rate of the PCM during repeated melting—
solidification processes, thereby revealing the temperature accumulation effect under
long-term cycling. This will overcome the limitations of the single-discharge analysis
and enable a more realistic evaluation of the system’s sustained thermal manage-
ment capability.

(2) To address the bottleneck posed by the limited latent heat capacity of a single PCM,
coupling strategies that combine PCMs with active cooling methods such as heat
pipes, liquid cooling, and air cooling will be explored. The PCM will be employed to
handle transient high-rate temperature spikes, while active cooling ensures continuous
heat extraction and timely PCM re-solidification, thereby extending the applicable
operating conditions of the battery system.

(3) To better reflect real-world application environments, realistic thermal boundary
conditions—such as elevated ambient temperatures and mechanical vibration—will
be introduced to refine the numerical model. An experimental platform will be
established to conduct systematic tests under various ambient temperatures and
operating conditions, with the goal of validating and promoting the engineering
application of the thermal management system.
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