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As electric vehicles advance toward higher energy density and faster charging, battery heat
generation continues to increase. This places higher requirements on both heat dissipation
capacity and temperature uniformity in battery thermal management systems. In this the-
sis, a three-dimensional transient computational fluid dynamics (CFD) model is developed
in ANSYS Workbench and Fluent to study the thermal response of a planar heat pipe for
electric vehicle battery cooling. The volume of fluid (VOF) model and the Lee evaporation-
condensation model are used to describe the water-vapor phase-change process, while the
metal mesh is modelled as a porous medium.

The effects of filling ratio, heat-source layout, and cyclic heat-load profile are analysed in
this thesis. The results show that the filling ratio strongly affects the internal liquid dis-
tribution and the external temperature response. The heat-source layout changes both the
hot-spot location and the temperature distribution. The dispersed layout gives a more bal-
anced response between heat transfer and temperature uniformity. Under cyclic heat loads,
the planar heat pipe shows a repeatable thermal response after the initial transient stage, with-
out a continuous increase in temperature. Overall, the results indicate that the planar heat
pipe has potential for passive battery thermal management under non-uniform heat sources
and time-varying heat loads.
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Symbols and abbreviations

Roman characters

area
mass-transfer coefficient in the Lee model
input energy

acceleration due to gravity

convective heat transfer coefficient
permeability of porous medium
mass-transfer rate

pressure

heat transfer rate

heat flux

equivalent thermal resistance

momentum source term

temperature

time

velocity component

coordinate in the horizontal direction

coordinate in the vertical direction

N < X < * 40V xXxoe O 3 X maoO »

coordinate in the thickness direction

Greek characters

a volume fraction

DT temperature difference

m dynamic viscosity
density

Subscripts

avg average

cold cold side or cold sink

cond condensation

eff effective

end end of simulation

evap evaporation

Pa s
kg=m?



i coordinate direction

in input

| liquid phase

max maximum

min minimum

n cycle number

pad heat pad

peak peak value

sat saturation

sink heat sink

th thermal

Vv vapor phase

valley valley value

Abbreviations

BTMS battery thermal management system
CC-CV constant-current—constant-voltage
CFD computational fluid dynamics

EV electric vehicle

MATLAB matrix laboratory software for post-processing
PHP planar heat pipe

SOC state of charge

VOF volume of fluid
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1 Introduction

With the development of electric vehicles (EVs) towards higher energy density, battery heat
generation continues to increase, raising the requirements for battery thermal management.
Bernagozzi et al. (2023) noted that effective thermal management not only determines battery
life and performance, but is also a fundamental prerequisite for the safe operation of EVSs.
Liu, Zhang & C.-Y. Wang (2023) further emphasized that battery heat generation increases
signi cantly under high-rate fast-charging conditions. Therefore, balancing high energy den-
sity, fast charging, and thermal runaway prevention has become a central challenge in battery
thermal management.

In order to meet the thermal management requirements of batteries, commercial battery ther-
mal management systems (BTMS) schemes mainly include air cooling, liquid cooling and
phase change material cooling. Afzal et al. (2023) noted in their review that air cooling has a
simple structure but limited heat dissipation capacity under high heat ux conditions. Liquid
cooling provides higher heat transfer ef ciency, but the use of pumps, pipes, sealing com-
ponents, and coolant circuits increases system weight, maintenance complexity, and leakage
risk. Bernagozzi et al. (2023) found in their survey of mass-produced EVs that current com-
mercial systems are still mainly based on air cooling and liquid cooling. In a review of fast
charging scenarios, Tai et al. (2024) also pointed out that under high-rate charging condi-
tions, traditional liquid cooling systems are dif cult to effectively cope with instantaneous
high-power thermal shocks due to their large thermal inertia and lagging response. There-
fore, next-generation passive or semi-passive thermal management schemes have attracted
increasing attention.

As a passive heat transfer device, the planar heat pipe (PHP) relies on the evaporation-
condensation cycle of the working uid and the capillary force of the mesh to drive the liquid
re ux. Faghri (1995) systematically established the working principle and heat transfer limit
theory of PHP in his monograph, and pointed out that the equivalent thermal conductivity
of PHP can be signi cantly higher than that of conventional solid materials. Faghri (2012)
further noted in a review that heat pipes have strong heat-spreading capability which is able
to provide a large contact area and has excellent in-plane temperature uniformity. Fathoni,
Putra & Mahlia (2023) found through a systematic review that PHP continues to receive at-
tention in BTMS with unique advantages in passive cooling versus temperature uniformity.
Weragoda et al. (2023) af rmed in their review the balancing advantage of heat pipe-based
BTMS between structural compactness and passive heat dissipation capability.

In addition, Chan et al. (2015), in a systematic review of heat pipe technologies, noted that
PHP has been widely explored for electronic device cooling, aerospace, and the emerging
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eld of battery thermal management due to its geometric exibility. Zhu et al. (2024) anal-
ysed the working characteristics of PHP in a battery module based on computational uid
dynamics (CFD) method, which further con rmed the engineering application potential of
PHP. Putra, Ariantara & Pamungkas (2016) experimentally investigated a heat pipe for n
battery thermal management in EV applications, showing that this type of at two-phase
heat-transfer device can be used to control battery temperature and improve module-level
thermal management. These studies indicate that PHPs have strong potential for EV battery
thermal management, but their performance still depends on structural parameters, internal
two-phase behaviour, and operating conditions (Brahim & Jemni, 2014).

1.1 Problem Statement

Although PHPs have promising potential in EV battery thermal management, their engineer-
ing application still faces several key challenges.

One important issue is the lling ratio (FR). The FR determines the amount of working uid
inside the cavity and the available vapor space. Chen & Chou (2014) found that if the liquid
amount is too low, the evaporation region may not receive enough liquid supply, which can
lead to dry-out; if the liquid amount is too high, the vapor space may be reduced and the
internal ow resistance may increase. However, Balamurugan et al. (2024) further point out
in their semi-empirical relationship study that the optimal value is highly dependent on the
speci ¢ geometry and operating conditions.

Another uncertainty comes from the numerical modelling of phase change. The volume of
uid (VOF) method proposed by Hirt & Nichols (1981) is commonly used for tracking the
gas-liquid interface, and the Lee evaporation-condensation model is widely used to describe
evaporation and condensation in engineering simulations. However, the mass-transfer coef -
cientin the Lee model can affect the predicted temperature eld and interfacial mass transfer
rate, as discussed by Rahmatullah & Wen (2023).

The heat source distribution is also important. In a physical battery module, heat generation
is rarely perfectly uniform because different cell positions and operating states can create
local hot spots. Balamurugan et al. (2024) note that multi-heat-source versus offset-heat-
source conditions are common in engineering. Afzal et al. (2023) and Balamurugan et al.
(2024) both highlight the importance of local hot-spot control in BTMS design.

Finally, the thermal load of EV batteries changes with time. During fast charging or transient
operation, battery heat generation may vary with state of charge (SOC), temperature, current
rate, and operating time. Garud et al. (2023) pointed out that the battery heat-generation
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rate under fast-charging conditions varies dramatically with SOC and time and is not a con-
stant value. Tai et al. (2024) further analysed the characteristics of instantaneous high-power
thermal shock and cyclic loading of the battery under pulse fast-charging conditions. Most
existing CFD studies consider only steady-state conditions with constant power, and a com-
parative study of periodic, decaying, and pulsed loads is still lacking.

1.2 Obijectives and Scope

Based on the above research problems, this thesis uses ANSYS Workbench and ANSYS Flu-
ent to develop a three-dimensional transient CFD model to investigate the thermal response
characteristics of a novel PHP for EV battery cooling. The model includes VOF two-phase
ow, the Lee phase-change model, porous mesh regions, gravity, and transient heat transfer.
MATLARB is used for post-processing and comparison of the numerical results.

The internal process of PHP is a strongly coupled multiphysics problem, and it is still chal-
lenging to describe it in full and accurate detail. J.-S. Lee, Rhi & Kim (2024) noted that
heat pipe modelling requires a balance between engineering-level simpli cation and detailed
interface-resolved modelling. Therefore, the aim of this thesis is not to build a fully coupled
electrochemical-thermal battery model, but to develop a CFD framework that captures the
main thermal and phase-change behaviour of the planar heat pipe.

To address this aim, three numerical tests are designed in this thesis. Test A focuses on the
effect of lling ratio, Test B on the effect of heat-source layout, and Test C on the effect of
cyclic heat-load pro les.

1. Test A compares different lling ratios and analyses their effects on liquid-vapor dis-
tribution, liquid-phase evolution, pad temperature, and cold sink response. The results
are used to select the baseline lling ratio for the following tests.

2. Test B analyses the in uence of different heat source positions on hot spot formation,
temperature eld distribution, and temperature uniformity.

3. Test C analyses the long-term cyclic stability under repeated heating and cooling. It
also compares periodic square-wave, constant-current-constant-voltage-like (CC-CV-
like) decaying, and pulsed heat-load pro les under equal total input energy.

The main evaluation indices include the average heat pad temperature, pad-to-pad tempera-
ture difference, average cold sink temperature, maximum system temperature, cold-side heat
transfer rate, and equivalent thermal resistance. Through these indicators, this thesis aims to
evaluate the thermal diffusivity, cooling recovery capacity, and cycle stability of planar heat
pipes under non-uniform heat sources and time-varying heat loads.
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2 Literature Review

BTMS commonly include air cooling, liquid cooling, phase change material cooling, and
heat-pipe-based cooling. Liu, Zhang & C.-Y. Wang (2023) noted that, under high energy
density and fast-charging conditions, BTMS design should control both maximum battery
temperature and temperature difference to reduce thermal runaway risk and ageing inconsis-
tency.

Heat-pipe-based cooling systems have been widely investigated because they enhance heat
spreading without additional pumping power. Balamurugan et al. (2024) reported that heat
pipes can improve module-level heat dissipation in EV battery systems. Afzal et al. (2023)
further noted that heat-pipe-based BTMSs can reduce battery temperature, improve temper-
ature uniformity, and lower system thermal resistance. Compared with the circular heat pipe,
the PHP is better suited to integration with the planar structure of the battery module, offering

a larger contact area and greater in-plane thermal diffusion.

However, the thermal performance of PHP is sensitive to structural parameters and operating
conditions.Previous studies have shown that the optimal lling condition depends on the
speci ¢ geometry and operating conditions, while nonuniform heating can further affect the
temperature eld and hot spot formation. Balamurugan et al. (2024) point out that the thermal
diffusion behavior of PHP under actual working conditions with multiple heat sources and
non-uniform heating remains under systematic investigation, which is a common scenario in
EV battery applications and the focus of this thesis.

2.1 Basic Working Mechanism of PHP

A PHP is a passive two-phase heat transfer device. Faghri (2012) states that the basic work-
ing processes of a PHP include evaporation, vapor transport, condensation, and liquid return.

As shown in Figure 1, the heat pads are located on the hot side to represent local heat gener-
ation in the battery module. The working uid absorbs heat in the evaporation zone, changes
from the liquid phase to the vapor phase, and moves to the cold sink side under the action
of a pressure difference. At the cold side, the vapor condenses and releases latent heat. The
condensed liquid then returns to the evaporation zone through the mesh structure, completing
the evaporation—condensation cycle.
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Figure 1. Schematic diagram of the working mechanism of PHP.

The stability of the cycle depends on capillary driving force, liquid inventory, vapor space,
and internal ow resistance. No external mechanical work input is required for the whole
process. Faghri (1995) noted that the equivalent thermal conductivity of heat pipes can be
signi cantly higher than that of conventional solid heat-conducting materials, a core advan-
tage that makes heat pipes highly ef cient passive heat transfer devices.

2.2 Key Factors Affecting the Performance of PHP

Filling ratio is a key parameter affecting the performance of PHP. Lips, Lefévre & Bonjour
(2010) showed that the lling ratio and vapor space thickness jointly affect the thermal re-
sistance of a PHP. Instead of acting as an isolated parameter, the lling ratio determines the
balance between liquid availability in the evaporation region and the space required for vapor
transport.

The layout of the heat source is also an important factor affecting the temperature eld.
Heat generation in actual EV battery modules is usually nonuniform, which can lead to local
hot spots. Afzal et al. (2023) and Balamurugan et al. (2024) both noted that maximum
temperature and temperature uniformity are key metrics in BTMS designs. Therefore, the
heat source layout not only affects the average temperature, but also affects the hot spot
location and temperature uniformity in the PHP design.

In addition, the battery thermal load is usually time-varying rather than constant. During
charging, heat generation may be higher in the early stage and then decrease in the later
stage. Short-term thermal shock may be caused by pulse operating conditions or operating
state switching (Hohne, 2022). Therefore, PHP performance should be evaluated not only
under constant heat input, but also under cyclic and time-varying heat-load conditions.
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2.3 Comparison and Selection of CFD Phase-Change Modelling Methods

In CFD studies of planar heat pipes, the commonly used modelling methods can be classi ed
into two categories. The rstis the equivalent thermal conductivity model. J.-S. Lee, Rhi &
Kim (2024) noted that this method treats the heat pipe cavity as a solid region with an arti-
cially enhanced effective thermal conductivity, reducing the internal gas-liquid two-phase
transport to a simpli ed conduction problem. Mueller & Tsvetkov (2021) also argued that its
low computational cost makes it suitable for system-level thermal analysis and preliminary
design studies. However, this method cannot directly capture evaporation, condensation,
vapor transport, or liquid redistribution.

The second category is the interface-resolved multiphase phase change model, commonly
represented by the VOF-Lee approach. The VOF method proposed by Hirt & Nichols (1981)
Is used to capture the gas-liquid interface, while the Lee model describes evaporation and
condensation through interphase mass transfer. Zimmermann et al. (2022) and Opalski et al.
(2024) noted that the VOF-Lee model is more suitable for transient two-phase heat transfer
analysis. However, the VOF-Lee model is computationally expensive and sensitive to mesh
guality, time step, and model parameters. Rahmatullah & Wen (2023) and Yoo et al. (2022)
also reported that multiphase phase-change CFD simulations may suffer from convergence
dif culties and numerical instability.

This thesis uses a three-dimensional transient VOF-Lee phase-change model to track liquid-
phase evolution and transient temperature changes. The liquid volume fraction is used as a
supporting indicator for phase-change behaviour and numerical stability.
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3 Numerical Models and Research Methods

In this chapter, a three-dimensional transient CFD model of a PHP is introduced, including
geometry, boundary conditions, initial conditions, physical model, and numerical settings.
The model is based on ANSYS Workbench and Fluent to analyse the in uence of lling ratio,
heat-source layout, and cyclic heat-load pro le on the thermal response of the PHP. This
model is an engineering-level CFD simpli cation rather than a complete electrochemical-
thermal battery model in this thesis. Its purpose is to describe the main two-phase heat
transfer processes inside the PHP.

3.1 Geometric Structure

The overall size of the PHP model is 560 mm 250 mm 11 mm. The thickness direction
section is shown in Figure 2. From the hot side to the cold side, the structure consists
of an aluminium casing, stainless-steel mesh, a central cavity, stainless-steel mesh, and an
aluminium casing.

Figure 2: Cross-sectional structure of the PHP in the thickness direction.

In the thickness direction, the layer thicknesses from the hot side to the cold side are 2
mm, 1 mm, 5 mm, 1 mm, and 2 mm, respectively. Both aluminium casings are used for
heat conduction and in-plane thermal diffusion. The mesh is represented by a stainless-steel
porous structure and is set as a porous zone. The middle cavity is a two-phase zone where
liquid water and water vapor coexist. Five heat pads are arranged on the outer surface of the
hot side to simulate local heat generation from the battery side. The upper 1/3 of the outer
surface of the cold side is designated as a cold sink to simulate the external cooling structure.



17

3.2 Boundary Settings

To simulate non-uniform local heating in the battery module, the outer surface of the alu-
minium plate on the hot side is divided into ve independent heat pads using Split Face. The
pad positions are shown in Figure 3.

Figure 3: Baseline layout of the ve heat pads on the hot side.

The input power of each pad is 80 W and the total heat input is 400 W under the reference
condition. Due to the different sizes of each pad, the heat ux is distributed in a non-uniform
manner to simulate the local non-uniform heat generation in the battery module. The size
and heat ux density of each heating pad are shown in Table 1.

Table 1: Heat-source boundary settings for the ve heating pads.

Boundary Size Heat ux (W=n¥)
pad 1 | 165 35 mm 13850
pad_2 |85 110 mm 8715
pad_3 | 70 200 mm 5715
pad 4 |40 150 mm 13330
pad 5 |80 140 mm 7140

Test A and Test B use this constant heat input condition. In Test C, the heat input varies
with time according to the prescribed heat-load pro les. The cold sink is set as a convective
boundary. Except for the heat pads and the cold sink, the external surfaces are set to adiabatic
walls.
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3.3 Basic Assumptions and Physical Model

The following basic assumptions are used in this thesis. The working uid is distilled water.
The gas phase is water vapor. Non-condensable gases, radiation heat transfer, and thermal
contact resistance between solid surfaces are neglected. The mesh is simpli ed as a ho-
mogeneous porous zone. Gravity is along the negative Y-axis to re ect liquid strati cation
and back ow. The system operating pressure is set to 0.1 atm. This pressure represents the
internal operating pressure of the PHP, rather than the ambient external pressure.

In this thesis, the VOF model is used to track the phase distribution of liquid water and
water vapor, in conjunction with the Sharp Interface Scheme (Hirt & Nichols, 1981). For the
two-phase region, the liquid and vapor phase volume fractions satisfy:

aj+tay=1 1)

where g and a, denote the volume fractions of the liquid phase and vapor phase, respectively
(ANSYS, Inc., 2023; Faghri, 1995). The relationship is the fundamental phase-fraction
constraint in the VOF method.

The Lee evaporation-condensation model is used for evaporation and condensation. The
model calculates interphase mass transfer based on the difference between the local temper-
ature and the saturation temperature (W. H. Lee, 1980). For evaporation,

My = Cevadil| Tout T > Tsat (2
sa
and for condensation,
Teat T
My = Ccond@vl v S?If t ; T < Tsat (3)
sa

where nmy, and m, are the evaporation and condensation mass-transfer rates, respectively;
Cevap and Gong are the Lee model coef cients; aand a, are the liquid and vapor volume
fractions; r and ry are the liquid and vapor densities; T is the local temperature; gpid T

the saturation temperature (Rahmatullah & Wen, 2023). The Lee model is sensitive to the
selected mass-transfer coef cients (J.-S. Lee, Rhi & Kim, 2024).

The mesh zone uses the porous zone model to represent liquid return resistance (Brahim &
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Jemni, 2014). The momentum source term in a porous zone can be expressed as:

m 1. .
S= RVH‘CZEVJVJVi (4)

where $is the momentum source term in the i-direction, m is the dynamic viscosity, K is the
permeability, vis the velocity component in the i-direction, jvj is the velocity magnitude, r
is the uid density, and gis the inertial resistance coef cient (Ranjan et al., 2011).

This treatment cannot resolve the micro-scale capillary structure in mesh, but can re ect
the effect of the mesh on liquid re ux and two-phase heat transfer at the engineering scale
(Saadatian & Wong, 2023). Therefore, this thesis treats the mesh as a homogeneous porous
zone and focuses on its effect on overall liquid return and thermal response.

3.4 Design of Test Conditions

Three sets of cases are designed to examine how the lling ratio, the heat-source layout,
and the temporal distribution of the heat load affect the thermal performance of the PHP. All
cases share the same geometry, physical models, and numerical settings, and differ only in
the variable being studied.

Test A compares different lling ratios and provides the reference lling ratio for the fol-
lowing tests. Four lling ratios are compared under the original baseline layout with 600 s
heating: 20%, 30%, 50%, and 70%, denoted FR20, FR30, FR50, and FR70, respectively.

Test B examines how the spatial arrangement of the heat sources reshapes the temperature
eld and its uniformity at this reference lling. Test B xes FR at 30% and compares three
heat-source layouts. B1 is the original dispersed layout. B2 is a bottom-aligned layout. B3

is a left-aligned layout.

Test C builds on both, focusing on the transient response and long-term stability of the PHP
under cyclic heat loads. Based on the results of Test A and Test B, three heat-load pro les
are compared. C1 is a periodic square wave. C2 is a CC-CV-like decaying heat-load pro le.
C3is a pulsed load. The total input energy is kept at 480 kJ for all three cases.

Taken together, the model presented in this chapter forms the basis for the parametric studies
in Chapter 4, where Tests A, B, and C are used to examine the transient thermal behaviour,
liquid-phase stability, and cyclic response of the PHP in an EV-battery cooling context.
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4 Results & Discussion

Before presenting the results of Test A, Test B, and Test C, this section rst describes the
common simulation basis and numerical checks used for all cases.

4.1 Simulation Overview and Numerical Checks

The results in this chapter are calculated with the same transient CFD model. The geometry,
material properties, initial conditions, boundary conditions, and solver settings are kept the
same unless a speci c test requires a change. The differences between cases mainly come
from the tested variable, including lling ratio, heat-source layout, or heat-load pro le.

4.1.1 Convergence Veri cation

In the transient calculation process of each working condition, the continuity residual and
momentum residual converge to within 40 and the energy residual converges td®10
which meets the convergence criterion set in this study. The maximum number of iterations
in each time step is set to 15, and all working conditions converge stably within this limit
without any sign of divergence.

4.1.2 Energy Balance Check

The heat input from the pads is compared with the heat transfer rate at the cold sink. Since
the selected results are from the transient heating process, the heat removed at the cold side is
not expected to be exactly equal to the heat input. Part of the heat remains temporarily stored
in the aluminium plates, working uid, vapor region, and porous mesh. For this reason, the
cold sink heat transfer rate is used mainly to compare how much heat has reached the cooling
side in different cases. It is not treated as a strict steady-state energy balance.

4.1.3 Evaluation Indicators

The heat pad region is the main region of interest because it represents the battery-side heat
generation area. Its average temperature, maximum temperature, and temperature difference
are used to describe the hot-side temperature level and temperature uniformity.

The cold sink temperature and cold-side heat transfer rate are used to describe the cold-
side response. The maximum temperature of the whole system is also monitored to check
possible hot spots. Since the simulations are transient, the discussion focuses on relative
differences between cases rather than nal steady-state performance.
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4.2 Test A: Effect of Filling Ratio on Thermal Performance

This section analyses the effect of lling ratio on the transient thermal performance of the
PHP. To link the internal two-phase state with the external thermal response, the liquid vol-
ume fraction, hot-side temperature response, cold-side response, and key thermal perfor-
mance indicators are compared (Chen & Chou, 2014).

The four cases are denoted as FR20, FR30, FR50, and FR70, corresponding to lling ratios
of 20%, 30%, 50%, and 70%, respectively. The same geometry, boundary conditions, and
heat-source layout are used in all cases. The results are extracted at 600 s during the heating
stage. These four lling ratios were selected to cover low, intermediate, and high liquid-
inventory conditions. FR20 represents a low- lling case and is used to examine possible
liquid depletion and dry-out risk. FR70 represents a high- lling case, where the available
vapor space may be restricted. FR30 and FR50 are intermediate cases used to compare the
balance between liquid supply and vapor transport. This range provides a basis for selecting
the reference lling ratio used in the following tests.

4.2.1 VOF Liquid Volume Fraction Analysis

The lling ratio determines the initial liquid-vapor distribution in the cavity and further af-
fects evaporation, vapor transport, and liquid return. Therefore, this section analyses the
VOF liquid volume fraction distribution and its variation with time.Figure 4 shows the VOF
liquid volume fraction distributions for the four lling ratios.

Figure 4: VOF liquid volume fraction distributions under different lling ratios.

In the VOF contours, Phase-2 represents liquid water. Red indicates a liquid volume fraction
close to 1, while blue indicates a value close to 0. As the lling ratio increases from FR20 to
FR70, the liquid region becomes larger and the vapor space is gradually reduced.

Figure 5 shows the area-weighted average liquid volume fraction over time. The Fluent re-
port data were post-processed and plotted in MATLAB. The corresponding script is provided
in Appendix 1.1.
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Figure 5: Area-weighted average liquid volume fraction under different lling ratios.

FR30, FR50, and FR70 show only a slow decrease in Figure 5, suggesting a relatively stable
liquid phase. In contrast, FR20 drops rapidly after about 400 s, indicating liquid depletion
and possible dry-out at low lling ratio.

4.2.2 Hot-Side Temperature Response

The hot side response is important because the heat pads represent heat generation regions of
the battery side. Therefore, the hot-side temperature contours and the area-weighted average
heat pad temperature are used to show the temperature level and local hot-spot behavior.
Figure 6 shows the temperature contours of the hot side at four lling ratios at 600 s.

Figure 6: Hot-side temperature contours under different lling ratios at 600 s.

All using a uniform colour scale of about 17 to 10€ for comparison in Figure 6. The
high temperature zone is concentrated near the heating sources, which indicates that the
temperature eld of the hot side is mainly dominated by the heat-source positions.

The high-temperature region of FR20 is the most signi cant, corresponding to the rapid
decay of the liquid phase and re ecting local overheating due to insuf cient liquid. The



23

overall temperature of FR50 is the lowest, suggesting that a larger liquid inventory improves
local heat absorption. For FR70, although the liquid inventory is the highest, a visible high-
temperature region remains, suggesting that reduced vapor space may limit vapor transport
and retain heat on the hot side. The temperature distribution of FR30 is more balanced, and
the high temperature zone does not expand signi cantly.

Figure 7 shows that the average temperature of the heat pads increases with time under all
four conditions. The Fluent report data were post-processed and plotted in MATLAB. The
corresponding script is provided in Appendix 1.2.

Figure 7: Area-weighted average heat pad temperature under different lling ratios.

FR20 exhibits the most obvious temperature rise in Figure 7, indicating weaker hot-side
temperature control. FR50 gives the lowest average temperature, but its performance still
needs to be evaluated together with temperature uniformity. FR30 shows a lower temperature
rise and a more stable temperature distribution.

Overall, the lowest average temperature does not necessarily indicate the best thermal man-
agement performance. Compared with the other cases, FR30 provides a more balanced
performance in terms of liquid supply, vapor space, and hot-side temperature distribution.

4.2.3 Cold-Side Temperature Distribution

The cold-side response shows how heat reaches and is removed from the condensing side.
Since the cold sink is located at the upper part of the cold side, the cold-side temperature eld
can show the difference between the cooled region and the non-cooled region.Figure 8 shows
that all four cases have lower temperatures near the upper region and higher temperatures
near the lower region.
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Figure 8: Cold-side temperature contours under different lling ratios at 600 s.

The cold-side temperature distributions of FR30, FR50, and FR70 are relatively smooth in
Figure 8. FR20 shows a stronger cold-side response, indicating that heat reaches the cold
side more quickly under the low lling ratio.

Figure 9 shows the area-weighted average cold sink temperature over time. The Fluent report
data were post-processed and plotted in MATLAB. The corresponding script is provided in
Appendix 1.3.

Figure 9: Area-weighted average cold sink temperature under different lling ratios.

The cold sink temperature increases in all four cases in Figure 9, showing that heat is con-
tinuously transferred from the hot side to the cold side. The curves show local intersections,
which re ect differences in transient heat storage and cold-side response speed among the
lling ratios. At 600 s, FR20 gives the highest cold sink temperature, indicating the strongest
cold-end response. The cold sink temperatures of FR30, FR50, and FR70 are close to each
other, suggesting that the cold-side temperature rise is more moderate at higher lling ratios.
However, a higher cold sink temperature only means that heat reaches the cold side more
readily and it does not necessarily indicate better overall thermal performance.
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4.2.4 Comparison of Key Thermal Performance Indicators

To quantitatively compare the thermal performance of different lling ratios, the average
temperature of the cold sink, the average temperature of the heat pad, the maximum temper-
ature of the heat pad, the pad-to-pad temperature difference, the cold-side heat transfer rate,
and the equivalent thermal resistance are selected as the evaluation indices (Faghri, 1995; Y.
Wang et al., 2022). The equivalent thermal resistance is de ned as:

Ry, = Tpad;avg T cold;sink (5)
an
where @, is equal to 400 W. Since the results are obtained from the transient heating stage,
R is used only for relative comparisons between operating conditions.

As shown in Table 2, the best-performing case depends on the selected indicator. For FR20,
the cold sink temperature and cold-side heat transfer rate are the highest in Table 2, indicat-
ing a strong cold-side response. FR50 gives the lowest average heat pad temperature, the
maximum pad-to-pad temperature difference, and its equivalent thermal resistance is also
the smallest.

Table 2. Thermal performance indicators of the PHP under different lling ratios at 600 s.

’ Case‘ Teold:sink ( C) ‘ Tpad;avg( C) ‘ Tpad;max( C) ‘ DTpad( C) ‘ 1Qcold) (W) ‘ Rin (K/W) ‘

FR20 31 83 90 17 510 0.1315
FR30 28 80 87 15 395 0.1270
FR50 29 73 85 19 410 0.1090
FR70 30 84 91 17 455 0.1360

FR70 has a high liquid inventory, but its heat pad average temperature and equivalent thermal
resistance remain high, suggesting that excessive liquid may restrict vapor transport. In
contrast, FR30 is the most balanced. The pad-to-pad temperature difference is the smallest,
and the cold-side heat transfer rate is 395 W, close to the 400 W input, indicating that the
temperature uniformity and energy transfer stability in the heat source area are good.

4.2.5 Summary

Test A shows that the lling ratio signi cantly affects the internal two-phase state and the
external thermal response of the PHP. FR20 shows a signi cant decrease in liquid volume
fraction at the late stage of heating, accompanied by the risk of dry-out on the hot side. FR50
and FR70 contain more liquid, which can enhance transient heat absorption capacity, but too
high lling ratios may compress the vapor space and affect vapor transport. FR30 shows
a more balanced response among liquid supply, vapor space, hot-side temperature control,
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and cold-side thermal response. So, FR30 is selected as the reference lling ratio for the
following Test.

4.3 Test B: Effect of Heat-Source Layout on Thermal Performance

The purpose of Test B is to analyse how different heat-source layouts affect the thermal

performance of the planar heat pipe. Based on Test A, FR30 is used as the reference lling

ratio. The total heat input, cooling boundary, material properties, and numerical settings are

kept the same, while only the spatial arrangement of the heat pads is changed. This test
focuses on whether a non-uniform heat-source layout intensi es local hot spots and whether
the planar heat pipe can still maintain acceptable temperature uniformity.

4.3.1 Heat-Source Layout De nition

To examine the effect of heat-source position, the pad size and heat input are kept unchanged
in Test B, while only the pad locations are modi ed. Figure 10 shows the three layouts used
in Test B.

Figure 10: Heat-source layouts for Test B.

B1 is the original dispersed layout. B2 changes the vertical position of the heat sources, and

the lower edges of the heat pads are aligned 25 mm above the bottom edge of the plate. B3
creates a more concentrated local heating region on the left side, and the pads are shifted
toward the left side while keeping a 25 mm clearance from the upper edge for the pads.

4.3.2 Hot-Side Thermal Response

The hot-side response is important in Test B because the heat pads represent the local heating
regions of the battery module. Different heat-source layouts directly affect the location of
the hot spot, the thermal diffusion path, and temperature uniformity. Figure 11 shows the
temperature contours of the hot side at 600 s for the three layouts.The same colour scale, 17
to 107 C, is used for comparison.
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Figure 11: Hot-side temperature contours under different heat-source layouts at 600 s.

In B1, the high-temperature regions are more separated. The temperature eld is relatively
uniform. In B2, the heat sources are moved downward, and the high-temperature region
shifts downward as well. In B3, the heat sources are concentrated on the left side, resulting
in a clear local hot spot.

Figure 12 shows the area-weighted average heat pad temperature over time. The Fluent
report data were post-processed and plotted in MATLAB.

Figure 12: Area-weighted average heat pad temperature under different heat-source layouts.

The temperature increases in all three layouts in Figure 12, but the nal values differ clearly.
At 600 s, B2 gives the lowest average temperature. B3 gives the highest value. B1 lies
between them at 80C. This result indicates that the left-side concentrated layout raises
the heat pad temperature, while the bottom-aligned layout gives the lowest average heat pad
temperature in this model.

4.3.3 Cold-Side Thermal Response

The cold-side response shows how the heat-source layout affects heat transfer toward the
condensing side. Figure 13 shows that the cold-side temperature distributions of B1 and B2
are relatively uniform, while B3 shows a clear high-temperature region on the left side.
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Figure 13: Cold-side temperature contours under different heat-source layouts at 600 s.

When the heat sources are concentrated on the left, the cold-side temperature eld still keeps
a left-side thermal bias, leading to a less uniform distribution.

Figure 14 shows the cold sink average temperature during heating.

Figure 14: Area-weighted average cold sink temperature under different heat-source layouts.

At 600 s, B3 reaches the highest value, 8) B2 remains the lowest at 2&€. This means

that heat reaches the cold side more strongly in B3. B3 also has the highest heat pad temper-
ature and the strongest hot-spot concentration.Therefore, the higher cold sink temperature
does not mean better overall performance.

4.3.4 Thermal Performance and Temperature Uniformity Indicators

To compare the three heat-source layouts, the selected indicators include heat pad average
temperature, maximum pad temperature, pad-to-pad temperature difference, cold sink aver-
age temperature, cold-side heat transfer rate, and equivalent thermal resistance.

DTpad= Tpad:max T pad:min (6)
where Dil,qis used to describe temperature uniformity among the heat pad regions.

Table 3 shows that B2 gives the lowest heat pad average temperature, and the smallest DT
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at 600 s. This means that the bottom-aligned layout gives a lower hot-side temperature level
and better pad-to-pad uniformity. However, its cold-side heat transfer rate is only 280 W,
suggesting a weaker heat transfer response toward the cold side.

Table 3: Thermal performance indicators under different heat-source layouts at 600 s.

Case| Teold:sink ( C) | Tpad:avg( C) | Tpad;max( C) | DToad ( C) | jQcold (W) | Rin (K/W)
Bl 28 79 87 16 395 0.1270
B2 26 72 81 12 280 0.1160
B3 30 87 104 35 480 0.1420

B3 gives the highest heat pad average temperature in Table 3, and the highest maximum pad
temperature. Its Qp3q also reaches 35C, showing that the left-side concentrated layout
increases local overheating and temperature non-uniformity. Although B3 has the largest
cold-side heat transfer rate, this is accompanied by the strongest hot-side hot-spot problem.
Therefore, it is not considered the best layout. B1 does not give the lowest pad temperature,
but it also does not show the severe hot-spot problem seen in B3. Its cold-side heat transfer
rate is close to the 400 W input.

4.3.5 Summary

In Test B, the pad position has a clear effect on the hot-side temperature eld. B3 gives the
strongest hot-spot problem because the pads are concentrated on the left side. B2 reduces the
pad temperature and pad-to-pad difference, but its cold-side response is weaker at 600 s. B1
does not give the lowest heat pad temperature, but it avoids the strong hot-spot concentration
observed in B3. Its cold-side heat transfer rate is also close to the input power. For this
reason, Bl is kept as the baseline layout for Test C. The results show that heat-source layout
should be considered together with lling ratio when evaluating PHP cooling performance.

4.4 Test C: Thermal Response under Cyclic Heat Loads

In actual EV operation, battery thermal loads are usually not constant. They may include
repeated heating and cooling, decaying heat generation during charging, and short pulse-like
thermal shocks. Based on Test A and Test B, Test C uses FR30 and the B1 baseline layout
to study the transient response of the planar heat pipe under time-varying heat loads.

4.4.1 TestDesign and Basic Assumptions

Test C includes two parts. The rst part is a long-term cyclic stability test using the C1
periodic square-wave heat load. In this case, 600 s heating and 600 s cooling are repeated for
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20 cycles. This test is used to check whether heat continues to accumulate during repeated
operation, or whether the system gradually approaches a cycle-to-cycle quasi-steady state.

The second part compares C1, C2, and C3 under the same total duration and total heat input.
All three cases last 2400 s, and the total input energy is 480 kJ. The difference is the time
distribution of the heat input. C1 uses a periodic square-wave load. C2 uses a CC-CV-like
decaying load. C3 uses a pulsed load. This comparison examines how the heat-load pro le
affects the heat pad temperature, cold-sink response, and cooling recovery.

To keep the cases comparable, the geometry, material properties, initial conditions, cooling
boundary, and numerical settings are kept the same. The lling ratio is xed at FR30, and

the heat-source layout is xed as B1. Therefore, the differences in this section mainly come
from the time variation of heat input, rather than changes in structure or boundary conditions.

C1, C2, and C3 are engineering-level simpli ed heat-load pro les, not full electrochemical
heat-generation models. In real batteries, heat generation is affected by SOC, temperature,
internal resistance, current rate, and ageing state. In this thesis, piecewise-constant power
inputs are used to keep the CFD comparison controllable and to focus on the effect of heat-
load timing.

More speci cally, the CC—CV-like load in C2 is represented by a stepped decay rather than a
smooth charging curve. The 100 s pulse period in C3 is closer to a task-level load uctuation
than to high-frequency pulse fast charging. Therefore, the three heat-load pro les should be
read as equivalent thermal boundary conditions for comparing response trends, rather than
as exact predictions for a speci ¢ battery cell at a speci ¢ SOC or temperature.

4.4.2 Long-Term Cycle Stability Test

After de ning the Test C load pro les, this section analyses the long-term stability of C1
under a periodic square-wave heat load. In C1, 600 s heating and 600 s cooling are repeated
for 20 cycles, giving a total simulation time of 24000 s. This test is used to check whether
the system shows continuous heat accumulation or gradually reaches cycle-to-cycle stability.

Pad Temperature Evolution

The heat pad region corresponds to the main heating position. Figure 15 shows the area-
weighted average heat pad temperature of C1 over 20 cycles.
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Figure 15: Area-weighted average heat pad temperature of C1 over 20 cycles.

The temperature rises during each heating stage and decreases during each cooling stage,
forming a clear periodic response. In the rst few cycles, both peak and valley temperatures
increase, showing initial heat accumulation. Afterward, the uctuation becomes more stable,
with peak temperatures mainly around 117 to 1€7and valley temperatures around 97 to

107 C. This indicates that the system gradually approaches a cycle-to-cycle steady state.

Cold-Sink Temperature Evolution

Besides the hot-side response, the cold sink temperature is used to check whether heat can
be continuously transferred to the cooling side. Figure 16 shows the area-weighted average
cold sink temperature of C1 over 20 cycles. The cold sink temperature rises quickly at the
beginning and then uctuates mainly within 37 to 4C.

Figure 16: Area-weighted average cold sink temperature of C1 over 20 cycles.
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Compared with the heat pad temperature, the cold sink response is smoother and slightly
delayed since heat needs to pass through internal transport and condensation before reaching
the cold side. In later cycles, the cold sink temperature does not keep increasing, which
suggests that the cold side maintains a relatively stable heat-removal response.

Liquid Phase Evolution and Phase Change Model Stability

The liquid volume fraction is used as an auxiliary indicator of the phase-change process and
numerical stability. Figure 17 shows the liquid volume fraction of C1 over 20 cycles. It
decreases rapidly from 0.45 in the initial stage, and then uctuates within the range of 0.10
to 0.15. This indicates strong evaporation and liquid redistribution during the early cycles,
followed by a more stable two-phase state.

Figure 17: Area-weighted average liquid volume fraction of C1 over 20 cycles.

In this work, the liquid volume fraction is only used as a reference for the internal liquid
state. It is not treated as an exact liquid mass value, because the result can be affected by the
VOF interface treatment, the Lee evaporation-condensation source term, and accumulated
numerical errors in a long transient calculation. After the rst few cycles, the liquid fraction
does not decrease continuously. Therefore, no clear continuous liquid depletion is observed.

Cycle Stability Assessment

To describe the cycle-to-cycle heat accumulation, the valley temperature of each representa-
tive cycle is compared with that of the rst cycle:

DTacc;n= Tvalley;n T valley;1 (7)

A larger Dec:nmeans stronger residual heat accumulation relative to the rst cycle. Table
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4 lists the representative cycles. The valley temperature rises from aboGti6Zycle 1 to
about 97 to 107C in later cycles, so some heat remains in the system after the early cycles.
After that, the peak and valley temperatures do not keep rising.

Table 4: Cycle-to-cycle stability indicators of C1.

Cycle | Tpeakin( C) | Tvaliey:n ( C) | DTace:n( C) Interpretation
1 79 60 0 First-cycle reference
5 124 95 35 Early cyclic stage
10 123 100 40 Middle cyclic stage
15 128 105 45 Later cyclic stage
20 121 100 40 Long-term response

Under repeated 600 s heating and 600 s cooling, C1 therefore remains reasonably stable after
the initial adjustment stage. The pad temperature, cold sink temperature, and liquid volume
fraction do not show a continuously worsening trend in the later cycles.

4.4.3 De nition of Heat-Load Pro les: C1, C2, and C3

After the long-term cyclic stability of C1 is examined, this section compares how different
heat-load pro les affect the transient response of the planar heat pipe. To remove the effect
of total input energy, C1, C2, and C3 are all set to the same duration of 2400 s, with a total
heat input of 480 kJ from the ve heat pads. Therefore, the differences among the three cases
mainly come from how the heat input is distributed over time. Figure 18 shows the total heat
input power of C1, C2, and C3 over 2400 s.

Figure 18: Heat input pro les of C1, C2, and C3 over 2400 s.

In Figure 18, C1 is a periodic square-wave heat-load pro le, with 400 W applied at O to
600 s and 1200 to 1800 s, and the rest of the time is the cooling phase. C2 is a CC-CV-like
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decaying heat-load pro le with heat input of 800 W (0 to 300 s), 400 W (300 to 600 s), and
200 W (600 to 1200 s), followed by a cooling stage. C3 is a pulsed heat-load pro le with
alternating 800 W and 200 W applied within 0 to 600 s, followed by 400 W and 200 W
stages, and then cooling from 1200 to 2400 s. The following comparison therefore focuses
on how the pro le shape affects the temperature peak, cooling recovery, and thermal delay.

4.4.4 Hot-Side Thermal Response

After de ning the equal-energy heat-load pro les for C1, C2, and C3, this section compares
the transient temperature response in the heat pad region. Figure 19 shows the area-weighted
average heat pad temperature over time.

Figure 19: Area-weighted average heat pad temperature of C1, C2, and C3 over 2400 s.

Figure 19 shows two clear heating stages, and the second stage reaches a much higher tem-
perature than the rst stage. The heating curve increases rapidly at the beginning in C2, then
remains relatively stable before cooling. C1 shows the highest peak temperature, while C3
shows the lowest nal pad temperature. Figure 20 shows the hot-side temperature contours
at representative high-temperature moments for C1, C2, and C3.

Figure 20: Hot-side temperature contours under C1, C2, and C3 at representative high-
temperature time points.

C1 has the highest overall hot-side temperature and the most obvious high-temperature re-
gion. It is mainly due to residual heat accumulation from the previous heating stage. C2
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shows a weaker high-temperature region, corresponding to its early rapid heating followed
by cooling as the load decreases. C3 has a smoother temperature eld. Although the pulsed
Input causes temperature uctuations, part of the heat input is buffered during heat transfer,
leading to a lower nal temperature.

4.4.5 Cold-Side Thermal Response

After the heat pad response, this section compares the cold sink temperature under the three
cases. Figure 21 shows the area-weighted average cold sink temperature over 2400 s.

Figure 21: Area-weighted average cold sink temperature of C1, C2, and C3 over 2400 s.

All three cases start from about 2Q, but their response trends are different. C2 rises fastest

in the early stage because of the high initial heat input. C3 increases more gradually under
the pulsed inpu, and then decreases faster during cooling, ending at ab@ut/Rir C1, the

cold sink temperature rises strongly during the second heating period, whcih higher than C2
and C3. This means that more residual heat remains in C1 at the end of the simulation.

To further observe the spatial temperature distribution of the cold end, gure 22 shows cold-
side temperature contours at 2400 s for three conditions.The contour results are consistent
with the average temperature curves.

Figure 22: Cold-side temperature contours of C1, C2, and C3 at t=2400 s.

C1 has the most obvious high-temperature region on the cold side, which means that more
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residual heat remains at the nal time. C2 lies between C1 and C3, while C3 has the lowest
overall cold-side temperature after cooling. C2 responds fastest at the beginning, C1 keeps
the most residual heat, and C3 has the lowest nal cold-side temperature.

4.4.6 Key Performance Indicators and Effect of Heat-Load Pro le

Figure 23 compares the liquid volume fraction of C1, C2, and C3 over 2400 s. The Flu-
ent report data were post-processed and plotted in MATLAB. The corresponding script is
provided in Appendix 1.4.

Figure 23: Liquid volume fraction evolution under C1, C2, and C3 over 2400 s.

C2 and C3 decrease faster in the early stage. While C1 shows a delayed decrease. After
that, the liquid volume fraction in all three cases uctuates around 0.10 , with no continuous
monotonic depletion. Since this value is affected by VOF interface capturing and the Lee
phase-change source term, it is used here only as a supporting indicator of liquid-phase
evolution and numerical stability.

4.4.7 Summary

In C1, the early cycles still show the heating stage, but this trend weakens later. The pad
temperature, cold sink temperature, and volume fraction do not decrease further after the
initial adjustment.

For the 2400 s cases of C1, C2 and C3, the load timing clearly changes the thermal response.
C1 gives the highest pad temperature. C2 rises quickly at the start and then cools as the load
decreases. C3 has small pulse-related oscillations and gives the lowest nal pad temperature.
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5 Conclusions

In this thesis, the transient thermal response of a planar heat pipe for EV battery cooling was
studied using CFD simulations. The effects of lling ratio, heat-source layout, and cyclic
heat loads were analysed.

5.1 Main Conclusions

Firstly, the lling ratio is a key factor affecting the performance of the PHP. Its role is to
achieve a reasonable balance among liquid supply, vapor space, and cold-side heat removal.
Therefore, the optimization of the lling ratio is essentially a trade-off between liquid replen-
iIshment capacity and vapor transport capacity. Under the operating conditions considered in
this thesis, FR30 shows a more balanced overall response, indicating that a moderate lling
ratio is more favorable for maintaining a stable internal two-phase cycle in the PHP.

Secondly, the heat-source layout signi cantly affects the heat-spreading path and hot-spot
formation in the planar heat pipe. For battery modules, heat generation is usually not com-
pletely uniform. The relative positions of the heat sources and the cooling boundary largely
determine the temperature distribution, while the internal two-phase transport of the heat
pipe further modi es this response. In other words, the PHP cannot fully compensate for an
unfavorable heat-source layout. Therefore, the heat pipe and the battery module should be
designed as an integrated thermal management system rather than as separate components.

The analysis of cyclic heat loads shows that the transient performance of the PHP depends
not only on the total input energy, but also on the temporal distribution of heat input. Even
when the total input energy is equal, different heat-load pro les can produce different peak
temperatures, residual heat levels, and cooling recovery behavior. Periodic heating is more
likely to cause heat accumulation, while decaying or pulsed loads can alter the system's
thermal delay and recovery. This indicates that, in battery thermal management design,
evaluation based only on constant heat input is insuf cient. The time-varying characteristics
of thermal loads under real operating conditions must also be considered.

5.2 Engineering Implications

From an engineering perspective, the results of this thesis illustrate the potential of PHP for
passive thermal management of EV batteries, especially in applications that require compact
structures, no external pump work, and in-plane thermal diffusion. However, the PHP is not
a component that automatically solves the overheating problem when added to the system.
Its performance depends on whether the internal two-phase cycle can be stably established



38

and on whether the external heat source and the cooling boundary are reasonably matched.

Therefore, in the actual design, the liquid lling ratio, heat source layout, cold-end posi-
tion, and heat load should be considered simultaneously. For the battery module, control-
ling local hot spots and temperature differences may be more important than simply reduc-
ing the average temperature. This thesis also shows that different thermal load curves can
yield different temperature responses for the same total heat. Therefore, future designs of
BTMS should place greater emphasis on dynamic conditions, rather than just steady-state or
constant-power conditions.

5.3 Limitations and Future Work

Several limitations should be noted in this thesis. The current model is an engineering-level
CFD simpli cation, which is not coupled with the electrochemical heat generation model of
the full cell. C2 and C3 are equivalent thermal boundary conditions rather than real SOC-
dependent heat generation. The VOF and Lee phase-change models are sensitive to the
mesh resolution, time step and phase change parameters. In addition, although similar PHP
concepts have been experimentally investigated in other thermal management applications,
the present con guration has not yet been experimentally validated for EV battery thermal
management.

In the future, the real battery heat generation model can be introduced to carry out physical
experiment veri cation, and further study on different cooling boundaries, mesh structures,
heat source layouts and longer cycle conditions. At the same time, mesh independence, time
step independence and parameter sensitivity analysis of Lee model should be supplemented
to improve the reliability of the model.
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