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Abstract:

Battery Thermal Management Systems (BTMS) for electric vehicles have become increasingly critical in
ensuring battery performance and safety. However, conventional cooling methods are typically employed
individually, which leads to certain limitations in heat dissipation effectiveness. In this study, a hybrid cooling
structure combining a wavy coolant channel and a tubular composite phase change material (PCM) is proposed
to enhance thermal management performance.

A three-dimensional heat transfer model is developed to evaluate and compare the cooling performance of two
cases: with PCM and without PCM under identical operating conditions. The results indicate that the
integration of PCM significantly improves thermal performance, with a reduction in the maximum temperature
by 7.493 K and a more uniform temperature distribution among battery cells compared to the case without PCM.
This improvement is attributed to the latent heat absorption capability of PCM, which effectively suppresses
temperature rise during battery operation.

The findings demonstrate the potential of the hybrid liquid—PCM cooling system in enhancing thermal
management efficiency for electric vehicle batteries

Keywords: Hybrid thermal management, liquid cooling, phase change material, heat generation rate,
temperature uniformity.
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L Introduction

In recent years, the depletion of conventional energy resources, together with environmental pollution,
has become a global challenge. These issues are primarily attributed to greenhouse gas emissions and the
widespread use of fossil fuels [1]. Such impacts not only accelerate climate change but also degrade air quality
in many countries. In response, the transition toward clean energy sources and the restructuring of energy
systems have been strongly promoted worldwide. In this context, electric vehicles (EVs) have emerged as a
sustainable transportation solution due to their high energy efficiency, zero tailpipe emissions, and their
contribution to improving urban air quality.

The energy system of EVs is primarily based on lithium-ion battery packs, which consist of multiple cells
operating simultaneously. Energy is stored and released through reversible electrochemical reactions during
charge and discharge processes. The battery is a core component that directly determines the performance,
driving range, and safety of EVs. However, during operation, lithium-ion batteries generate a significant amount
of heat due to internal resistance losses and electrochemical reactions [2]. When the temperature exceeds
allowable limits, battery performance degrades, lifespan is shortened, and more critically, thermal runaway may
occur, posing serious safety risks such as fire and explosion [3]. Therefore, maintaining the battery temperature
within an optimal range through an effective Battery Thermal Management System (BTMS) is essential for
modern EVs.

Currently, common battery cooling methods include air cooling, liquid cooling, and phase change
material (PCM)-based cooling. Air cooling offers advantages such as simple structure and low cost; however, its
heat transfer capability is limited, making it insufficient under high-load conditions [4]. Liquid cooling provides
superior heat transfer performance and more precise temperature control, but it suffers from drawbacks such as
complex structure, higher cost, and additional energy consumption for fluid circulation [5]. Meanwhile, PCMs
possess high latent heat capacity during phase transition, enabling them to reduce the rate of temperature rise
and improve temperature uniformity [6], [7]. However, pure PCM has low thermal conductivity, and its cooling
effectiveness diminishes once thermal saturation is reached. As a result, single cooling methods struggle to fully
meet the requirements for both efficiency and stability under real operating conditions.

To address these limitations, hybrid cooling systems that combine liquid cooling with PCM have been
proposed as a promising solution. In such configurations, PCM acts as a temporary heat absorber, while the
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liquid coolant is responsible for transporting heat away from the system. This synergy enhances overall heat
dissipation performance, improves temperature uniformity, and reduces the risk of overheating [8].

Bai et al. [9] proposed a BTMS combining PCM with liquid cooling and conducted simulations to
investigate the effects of parameters such as cell spacing, cooling plate length, flow rate, and PCM melting
temperature. The results indicated that liquid cooling effectively reduces the maximum battery temperature,
while PCM significantly improves temperature uniformity within the battery module.

Kong et al. [10] designed and evaluated a hybrid BTMS through both experimental and numerical
approaches. The study analyzed the influence of cell spacing, number of cooling tubes, and flow rate on cooling
performance. The results showed that the maximum battery temperature was maintained below 50°C, and the
temperature difference between cells was less than 5°C, even at a discharge rate of 3C and an ambient
temperature of 30°C, demonstrating the superior performance of the hybrid system.

Zhang et al. [11] investigated a BTMS for a module consisting of 106 battery cells, comparing three
methods: PCM cooling, liquid cooling, and a hybrid PCM-liquid system. The results revealed that the hybrid
configuration achieved the best performance, reducing the maximum temperature and improving temperature
uniformity, particularly under high-load conditions (5C discharge rate). This confirms the advantages of
combining PCM with liquid cooling over single-method approaches.

Therefore, this study focuses on developing a three-dimensional heat transfer model to evaluate the
performance of a hybrid liquid—PCM cooling system by comparing two cases: with and without PCM. The
findings contribute to clarifying the role of PCM in enhancing heat dissipation performance and provide a basis
for designing efficient BTMS for electric vehicles.

1L Modeling method
2.1 Physical model
Figure 1 illustrates the proposed hybrid thermal management system, in which PCM is integrated with
liquid cooling. The model configuration consists of a liquid cooling plate and 22 cylindrical 21700 lithium-ion
batteries, each of which is surrounded by a layer of PCM.

PCM

Lithium battery

70 mm
L

~ =3mm

Fig. 1. Physical model of hybrid battery thermal management system.

Each 21700 battery has a diameter of 21 mm and a height of 70 mm. The most critical component of the
liquid cooling system is the U-shaped wavy cold plate. From the cross-sectional view, the cold plate consists of
eight flow channels, each with a width of 3 mm. The overall height of the plate is 70 mm, which is equal to the
height of the batteries. The wall thickness of the cooling plate is 0.5 mm on both sides, while the top and bottom
sections have a thickness of 0.65 mm. The inlet section of each channel has a length of 8§ mm and a width of 2
mm.

The battery cells are symmetrically arranged on both sides of the wavy cold plate. The contact angle
between the encapsulating PCM layer and the liquid cooling plate is 60°. The spacing between adjacent cells
depends on the thickness of the PCM layer surrounding each battery. In this system, a water—glycol mixture with
a glycol volume fraction of 50% is used as the coolant. Paraffin is selected as the primary phase change material.
The thermophysical properties of each component in the BTMS are listed in Table 1.

2.2 Model assumptions and governing equations
To facilitate the numerical analysis, several assumptions are introduced to simplify the mathematical model:
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(1) The thermophysical properties of the lithium-ion battery, PCM, cooling plate, and coolant are assumed
to be constant and independent of temperature;

(2) The no-slip boundary condition is applied at the solid—liquid interfaces;

(3) The coolant is considered an incompressible Newtonian fluid, and the flow is assumed to be laminar;

(4) Heat transfer includes only conduction and convection, while thermal radiation is neglected.

Table 1
Physical properties of materials [12]

Material Density Specific heat capacity Thermal conductivity Dynamic viscosity }I;:;fnt Melting temperature

m3 . —1.K-1 m 1K1 . 0,

(kg-m™) (Jkg™K™) (W-m™-K™) (Pas) (kg 1) QY
A, =23.34;

Battery 2751 1070 ho=do=115 - - -
Aluminum 2719 871 238 - - -
Coolant  1071.11 3300 0.384 0.00339 - -
PCM 800 2000 0.2 0.005 275 41-44

2.2.1 Liquid cooling domain
The Reynolds number (Re) of the coolant is calculated as follows:

oL (1)
y7,
where p,V, L and 1 denote the density, inlet velocity, hydraulic diameter, and dynamic viscosity of the coolant,

Re =

respectively. In this study, the maximum coolant velocity is set to 0.1 m/s, corresponding to a Reynolds number
lower than 2300; therefore, the flow is considered to be laminar.
The continuity, momentum, and energy equations governing the coolant flow are expressed as follows:

Py (pi)=0 @
ot

v oo 2
pC‘:EﬁL(v-V)v}:—VpcﬂuV Vv 3)

oT
pC —<+pC V(F-T)=V(A-VT) (4

¢ pc at c T pe

Where C v, T, /16 and u denote the specific heat capacity, velocity vector, temperature, thermal conductivity,

psc’
and dynamic viscosity of the coolant, respectively.
2.2.2 Battery domain
The energy equation in lithium battery:

5

or 120 or 1 0 orT 0 oT )

pbalcpbat_=__ ﬂ’rr_ +_2_ ﬂqJ_ + - ﬂz_ +q
ot ror or) r op op) Oz oz

Where /17 , lq] va /12 represent the radial thermal conductivity, circumferential thermal conductivity and axial

thermal conductivity of the lithium-ion battery, respectively.7, ¢ and gare the temperature, time and heat
generation rate per unit volume of the battery, respectively. The heat generation rate of a battery is typically
determined using either direct or indirect measurement methods. In this study, the heat generation rate of a
21700 lithium-ion battery at a 2.5C discharge rate is adopted from the work of Chen et al. [13]. The heat
generation rate is expressed as a seventh-order polynomial function of time and is implemented in the
simulation.

The heat generation function of the battery at a 2.5C discharge rate is given as follows:
12 4

q(t) = —1.4805x10%t" +7.5471x10" " —1.4943x10" ¢ +1.4042x10"¢" —5.3214x10°F ©

+3.16x10°¢" —67.67¢ +1.7325x10°
2.2.3 Cooling plate

The coolant flow channels are made of aluminum. As the coolant passes through the channels, heat
transfer occurs between the fluid and the phase change material (PCM) through the aluminum enclosure,
governed by the energy conservation equation:
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oT,,

pAle,Al = ﬂAlvaAl )

where p,, , C A

pAl > Mal and Z ax TEPTESENE the density, specific heat capacity,thermal conductivity, and

temperature of aluminum, respectively.

2.2.4 PCM domain
The momentum conservation for composite PCM is given as :

DV - B .
Prem ( Dt ) =-VP+V. (luPCMVV) + 'OPCMg’B(T - Tref) +85()

where V ,g ,Pand [ represent the velocity vector, gravity vector, statepressure, and thermal expansion
coefficient of the composite PCM. In this study, the value of £ is 0.0008 (K™).

The source term S is determined as :

S = —(31_—f’)2 4V (9)
;7 +0.001

where f is determined as follows:
0 Toew < T,

[ T &
1 T I

PCM* "1
where fl and Amus ,, represent the liquid phase fraction and the mushy constant. The subscripts s and / represent

the solid and liquid-phase of composite PCM, respectively.
The energy equation for composite PCM is given as:

OH
Prcm a—f;CM =V(Aper VT perr) (11)

where p,...» H and 4, represent the density, total enthalpy, and thermal conductivity of composite PCM,

respectively. The total enthalpy HPCM is defined as :

rcm’

Hpeyy =h+AH ¢y, (12)
where & is the sensible enthalpy and AH pey 18 the latent enthalpy and calculated as:

T
=+ | . CoreudT (13)
AH PCM f17 (14)

wherep , Tepresents the reference enthalpy. C, and y represent the specific heat capacity and latent heat of

,PCM
composite PCM, respectively.

2.2.5. Boundary conditions

In this study, the inlet temperature is assumed to be constant and equal to the ambient temperature of 30°C.

t=0,Tx,y,2=T,, (15)
where Tam , denotes the ambient temperature.

During the heat transfer process, the thermal contact resistance between the battery, PCM, and the coolant is
neglected. The boundary conditions of the BTMS model are defined as follows:

oT oT oT
N T R 16
bat an ‘PCM Gn Al a}’l ( )
_ﬂ“Ala_T:_lca_T-’_hc(T;_TAl) (17)
on on
oT
_/1 - hamb (T;urf' - ]Zlmb) (] 8)
on
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where 97 represents the temperature gradient, hc and hamb represent the convective heat transfer coefficients of
on

the coolant and the environment to the surfaces. s, =5W / (m’.K) is adopted in this study. 7| . Tepresents the

surface temperatures of the cell, composite PCM, and cold plate.

2.3Mesh independence evaluation

Computational Fluid Dynamics (CFD) is a scientific discipline that employs numerical methods
combined with computer-based simulations to analyze problems involving the motion of continuous media.
Through CFD, it is possible to investigate momentum, heat, and mass transfer processes, as well as
physicochemical properties, mechanical characteristics, and the thermodynamic, kinetic, and aerodynamic
behavior of the studied medium.

In this study, three-dimensional numerical simulations are performed using ANSYS Fluent 2022 R1. A
pressure-based solver is employed for transient analysis, utilizing the SIMPLE algorithm to solve the governing
equations and a second-order upwind discretization scheme. In addition, the flow regime is assumed to be
laminar, while the energy equation and the solidification/melting model are activated. To ensure convergence,
the relaxation factors for momentum, pressure, and liquid fraction are set to 0.3, 0.7, and 0.9, respectively.

For mesh independence validation, the following parameters are used: a PCM thickness of 1.5 mm, a
coolant inlet velocity of 0.1 m/s, and a battery discharge rate of 2.5C over a duration of 1000 s. In CFD
simulations, both mesh quantity and quality significantly affect the accuracy of the results. Figure 2 illustrates
the mesh distribution of the entire BTMS.

Fig.2. The mesh distribution of the BTMS

In this study, a structured mesh is employed, with a refined meshing strategy to accurately capture the
heat transfer process. Additionally, finer mesh elements are applied in the boundary layer regions to better
resolve the flow details. Different mesh densities, including 612,269; 1,090,440; 1,793,059; and 2,322,622
elements, are used to examine mesh independence, with the maximum temperature Tmax selected as the
evaluation criterion.
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Fig.3. Mesh Independence Evaluation
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The results presented in Figure 3 indicate that, as the number of mesh elements increases, the maximum
battery temperature remains nearly unchanged, demonstrating that the numerical solution has converged and
achieved grid independence. To ensure a balance between computational accuracy and efficiency, the mesh
consisting of 1,090,440 elements is selected and used for subsequent analyses.

II1. Results and discussion

In this study, the cooling performance of the hybrid thermal management system integrated with PCM is
evaluated by comparison with a system using only liquid cooling under identical operating conditions. The
boundary conditions are defined as follows: a natural convective heat transfer coefficient of 5 W/(m*-K), a
coolant inlet velocity of 0.1 m/s, and an inlet temperature of 30°C. The selected evaluation criterion is the
maximum temperature of the entire battery pack at a discharge rate of 2.5C.

Under identical conditions of coolant flow rate, inlet temperature, flow velocity, and discharge rate, the
BTMS with and without PCM are numerically simulated and analyzed. Figure 4 illustrates the temperature

distribution of the lithium-ion battery pack obtained from the thermal analysis for these two configurations.
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(a) Battery Thermal Management System (BTMS) without PCM
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(b) Battery Thermal Management System (BTMS) with PCM
Fig. 4. The temperature distribution cloud diagram of different BTMS

From Figure 4(a), it can be observed that the maximum temperature of the BTMS without PCM reaches
327.465 K, whereas it decreases to 319.972 K for the system with PCM. This reduction of 7.493 K demonstrates
that PCM absorbs a significant amount of heat from the battery during the discharge process through latent heat
storage, thereby preventing a rapid temperature rise.

In addition to reducing the maximum temperature, it can be seen from Figure 4(b) that the temperature
distribution in the system with PCM becomes more uniform compared to the case without PCM. Figure 4(a)
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reveals the presence of large temperature gradients both within individual cells and among different cells, as
indicated by the pronounced color variation from high- to low-temperature regions. In the system without PCM,
the maximum temperature difference (MTD) is 24.465 K, whereas it is reduced to 16.972 K in the system with
PCM. Thus, the integration of PCM decreases the MTD by approximately 30.63%, significantly enhancing
temperature uniformity within the system.

To further evaluate the effectiveness of PCM, the temperature distribution profiles are analyzed in detail
to better elucidate the improvement in thermal uniformity within the battery module.
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Fig.5. Cooling performance comparison of the battery system with or without PCM.

Figure 5 illustrates the variation of the maximum temperature of the battery module over time for two
cases: with and without phase change material (PCM). It can be observed that, during the initial stage (t < 200 s),
the temperature rise trends of both systems are nearly identical, as the PCM has not yet undergone phase
transition and primarily absorbs heat through sensible heat capacity.

However, beyond approximately 200 s, a clear divergence between the two cases becomes evident. For
the system without PCM, the temperature increases rapidly and continuously, exceeding the safety threshold of
approximately 323 K at around 500-600 s. The maximum temperature reaches about 327.465 K at 1000 s,
indicating a significant risk of thermal instability.

In contrast, for the system with PCM, the rate of temperature increase is significantly reduced once the
material begins to undergo phase transition. This is attributed to the absorption of a large amount of latent heat
during the melting process, which effectively suppresses the temperature rise of the battery. As a result, the
maximum temperature only reaches approximately 319.972 K at 1000 s, which is substantially lower than that
of the system without PCM and consistently remains below the safety threshold.

Furthermore, the slope of the temperature curve in the range of 300—800 s for the PCM-integrated system
remains nearly constant, indicating the effectiveness of passive thermal regulation. In contrast, the system
without PCM continues to exhibit a steady temperature increase, reflecting the absence of an efficient thermal
storage and regulation mechanism.

From these results, it can be concluded that the integration of PCM into the thermal management system
significantly enhances cooling performance, reduces the maximum temperature, and improves the operational
safety of lithium-ion battery modules.

IV. Conclusion
This study conducted a numerical simulation to evaluate the performance of a hybrid cooling structure
combining liquid cooling and phase change material (PCM) for lithium-ion battery modules. The main findings
can be summarized as follows:

- The integration of PCM into the thermal management system significantly reduces the maximum
temperature of the battery pack, while the maximum temperature difference (MTD) decreases by
approximately 30.63%, indicating improved thermal control capability.

- The PCM-based thermal management system demonstrates clear advantages in enhancing temperature
uniformity among battery cells, thereby reducing thermal gradients and improving both the safety and
lifespan of the battery.
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