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Abstract: Lithium-ion batteries, crucial in powering Battery Electric Vehicles (BEVs), face critical
challenges in maintaining safety and efficiency. The quest for an effective Battery Thermal Man-
agement System (BTMS) arises from critical concerns over the safety and efficiency of lithium-ion
batteries, particularly in Battery Electric Vehicles (BEVs). This study introduces a pioneering BTMS
solution merging a two-phase immersion cooling system with heat pipes. Notably, the integration
of NovecTM 649 as the dielectric fluid substantially mitigates thermal runaway-induced fire risks
without requiring an additional power source. Comprehensive 1-D modeling, validated against
AMESim (Advanced Modeling Environment for Simulation of Engineering Systems) simulations
and experiments, investigates diverse design variable impacts on thermal resistance and evaporator
temperature. At 10 W, 15 W, and 20 W heat inputs, the BTMS consistently maintained lithium-ion
battery temperatures within the optimal range (approximately 27-34 °C). Optimized porosity (60%)
and filling ratios (30-40%) minimized thermal resistance to 0.3848-0.4549 °C/W. This innovative
system not only enhances safety but also improves energy efficiency by reducing weight, affirming its
potential to revolutionize lithium-ion battery performance and address critical challenges in the field.
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and longer charging times compared to traditional internal combustion engine vehicles. To
address these limitations, various strategies have emerged in the field. Significant efforts
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The rising energy density in lithium-ion batteries (LIBs) for electric vehicles and elec-
tronics affects fuel efficiency due to increased weight. Higher energy density intensifies

heat generation during rapid charging, significantly impacting battery lifespan and safety.
Addressing limitations in energy storage materials is crucial for technological advance-
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energy storage batteries. The heightened energy density associated with heat generation
poses critical implications for the lifespan and safety of batteries, with temperature playing
a pivotal role. For instance, Shah et al. [3] observed that even a modest 1 °C temperature
increase within the range of 30 °C to 40 °C can reduce the lifespan of a lithium-ion battery
by up to two months. Additionally, the accumulation of excess heat can result in severe
issues such as thermal runaway, further impacting both longevity and safety [4,5]. Ling
et al. [6] have graphically demonstrated the catastrophic consequences of battery thermal
runaway, including the emission of harmful gases, smoke, and the potential for explosions
when the internal lithium-ion battery temperature reaches 80 °C.

On the contrary, low temperatures negatively affect battery discharge capabilities,
impairing overall performance. Thus, it is evident that maintaining an optimal operational
temperature range (20 °C to 40 °C) for lithium-ion batteries is essential, not only for ensuring
performance and longevity but also for safety considerations [7,8]. In line with these
imperatives, Battery Thermal Management Systems (BITMS) must embody characteristics
such as lightweight design, compactness, cost-effectiveness, and ease of maintenance [9,10].

Recognizing the vital role played by Battery Thermal Management Systems (BTMS) in
ensuring optimal performance, safety, and longevity of lithium-ion batteries, this chapter
embarks on a comprehensive exploration of the landscape of existing BTMS solutions. We
delve deep into the strengths and limitations inherent in these BTMS, offering valuable
insights into the challenges and opportunities they present.

The air-cooling system, a traditional method, has received extensive attention as a
means of BTMS. This system involves cooling the battery using external air or utilizing cabin
air as a coolant medium. Both approaches offer benefits like simplicity, cost-effectiveness,
high reliability, and ease of maintenance [11-14].

Gaseous air, which serves as the coolant medium in air-cooling systems, is primarily
composed of molecules like nitrogen (N7) and oxygen (O;). It exhibits reduced heat transfer
efficiency due to greater spacing between its molecules compared to solids or liquids.

Additionally, gaseous air exhibits less interaction between molecules compared to
solids and liquids, resulting in slower heat conduction [12]. Moreover, due to air’s low
specific heat value, achieving uniform temperature distribution within battery cells or
modules poses a significant challenge [15].

These challenges have prompted numerous studies aimed at optimizing air cooling
systems and addressing the limitations associated with their lower thermal conductiv-
ity. Researchers like Xu and He [16] have conducted comparative studies on air-cooling
performance, exploring factors such as battery cell orientation. Sun and Dixon [17] have
analyzed air cooling in various duct configurations, while Na et al. [18] have explored
cooling performance under different external air flow directions. Lu et al. [19] have effec-
tively reduced the temperature of high-energy-density lithium-ion batteries using forced
convection in an air-cooling system. Egab and Oudah [20] have compared heat dissipation
performance with various fin types for pouch-type battery cells. Despite these research
endeavors, air cooling continues to grapple with inherent limitations such as low thermal
conductivity, low heat transfer efficiency, and non-uniform temperature distribution, all of
which persist as significant challenges [21]. In addition to the aforementioned challenges,
the air-cooled system introduces additional disadvantages by relying on external air as
a cooling medium, which exposes the battery pack to environmental pollutants. This
exposure has the potential to infiltrate and negatively impact battery performance and
efficiency.

In contrast, the water-cooling system, another traditional approach, surpasses the
air-cooling system in terms of efficiency and heat dissipation performance due to water’s
superior thermal properties. The water-cooling system can be classified into direct and
indirect cooling methods [22,23]. Direct water cooling entails direct contact between the
battery and a high-thermal-conductivity working fluid, achieving efficient heat dissipation
and potential miniaturization. However, specific challenges arise within the direct water-
cooling system, stemming from the intricate task of selecting a refrigerant that effectively
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prevents overheating. Additionally, the system’s reliance on a power supply necessary for
its operation further complicates its implementation.

Conversely, the indirect water-cooling system, which avoids direct contact between
the battery and the working fluid, offers several advantages. It provides more flexibility in
selecting the working fluid and allows for the integration of heating and cooling systems.
Moreover, the indirect water-cooling system excels in both energy efficiency and heat
dissipation performance compared to the air-cooling system [24-29]. Nevertheless, the
indirect water-cooling system has its disadvantages. Firstly, it requires auxiliary devices
like chillers and heat sinks, increasing both cost and space requirements compared to an
air-cooling system. Secondly, the heat dissipation performance of indirect water-cooling
systems remains an ongoing challenge compared to direct water-cooling systems. Con-
sequently, extensive research efforts are directed towards enhancing the heat dissipation
capabilities of indirect water-cooling systems. Researchers like Shang et al. [26] optimized
cooling plate flow patterns and flow rates, crucial factors affecting the heat dissipation
performance of an indirect water-cooling system. Qian et al. [27] achieved reduced peak
temperatures of battery cells by incorporating mini-channels into the cooling plate, and
Sheng et al. [28] experimented with various serpentine flow patterns on the cooling plate
to optimize heat dissipation performance.

In contrast to air and water cooling, Phase Change Material (PCM) cooling systems
represent a relatively recent approach to BTMS. PCM cooling systems leverage the princi-
ples of latent heat absorption and release during phase changes, endowing them with the
advantages of high heat capacity and the ability to maintain a constant temperature during
phase changes [24]. This grants them not only a high heat capacity but also positions them
as energy-efficient solutions, as they utilize the minimum energy required from the high
heat capacity heat sink during system operation. The initial proposal for the PCM cooling
system was put forth by Al Hallaj and Selman [30].

Nevertheless, PCM cooling systems, despite their reputation for energy-efficient oper-
ation, face challenges related to lower PCM thermal conductivity. This results in relatively
sluggish heat absorption and the potential for non-uniform temperature distribution [31,32].
To address these limitations, ongoing developments are focusing on enhancing PCM ther-
mal conductivity through the use of composite materials. Researchers like Deng et al. [33]
successfully achieved high thermal conductivity through a composite PCM, employing
materials like metal foam, expanded graphite, and porous materials. Lv et al. [34] further
advanced thermal conductivity and efficient heat dissipation performance by integrating a
composite PCM comprising expanded graphite, paraffin, and low-density polyethylene
with fin structures.

Additionally, extensive research has explored innovative approaches by integrating
PCM cooling systems with various BTMS methods, such as air and water cooling, to
enhance overall system performance. This strategic integration effectively mitigates tem-
perature elevation in lithium-ion batteries, contributing to uniform temperature distribution
across the battery cell [35-38].

However, to effectively absorb the increasing amount of heat generated by lithium-ion
batteries, PCM cooling systems must increase the mass of PCM. This, in turn, increases the
mass of the entire BEV [11,39]. Another drawback of PCM cooling systems is that rapid
changes in volume can cause significant stress in PCM containers, leading to leakage and
container deformation. Addressing these disadvantages related to PCM cooling systems is
of paramount importance [11,24,40].

Both the PCM cooling system and the heat pipe cooling system employ phase change
processes, but they follow distinct strategies to enhance heat dissipation performance. The
PCM cooling system addresses this by augmenting the PCM’s mass to handle higher heat
generation efficiently. However, this method has the drawback of potentially increasing the
BEV’s weight, which can negatively impact its power and performance [24].

In contrast, the heat pipe cooling system achieves the same objective through strategic
adjustments to design variables, including the selection of heat pipe materials and working
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fluids. Notably, it operates without the need for an additional power supply, enabling
miniaturization and avoiding potential disadvantages associated with increased weight.
Furthermore, it excels in efficiently managing heat while upholding system efficiency and
performance [24].

As Figure 1 illustrates, the principles of a heat pipe cooling system are as follows.
The heat pipe comprises three key parts: the evaporator section, the adiabatic section,
and the condenser part. The process begins with the battery coming into contact with the
evaporator area, serving as an external heat source. The battery, functioning as this heat
source, induces the boiling of the internal working fluid within the evaporator section
of the heat pipe, causing it to transition from a liquid to a gaseous state. This gaseous
state working fluid then progresses from the evaporator area through the adiabatic area to
the condenser area as it absorbs heat. Upon reaching the condensation area, the working
fluid undergoes condensation through heat exchange with external factors such as natural
convection, forced convection, or cooling plates. Afterward, the condensed working fluid
is transported back to the evaporator region by capillary action in the wick of the heat pipe,
ready to begin the cycle anew [41].
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Figure 1. Principle of heat pipe.

Numerous research studies illustrate the application of heat pipe cooling systems,
aligning with the operational principles described earlier. Smith et al. [42] validated the su-
perior uniform temperature distribution of battery cells and enhanced safety in comparison
to water-cooling systems for the heat pipe cooling system. Greco et al. [43] confirmed that
the heat pipe cooling system demonstrates excellent heat dissipation performance, even in
prismatic batteries with limited surface area. Yuan et al. [44] conducted research aimed at
effectively curbing battery temperature rise through the application of a heat pipe cooling
system to pouch-type battery cells.

However, despite the significant advantages outlined above, there are limitations to
the application of the heat pipe cooling system. In previous studies, heat pipe cooling
systems have demonstrated superior thermal properties; however, their implementation is
often limited to designs where batteries are connected to heat pipes through TIM (Thermal
Interface Materials), which can introduce disadvantages. Specifically, this approach may
increase contact resistance, leading to reduced capacity and efficiency. Furthermore, it
is important to note that the majority of heat pipe cooling systems utilize copper as the
material for heat pipe containers primarily due to its excellent thermal conductivity. This
choice results in bulky heat pipe containers, and copper tends to be relatively expensive
compared to other available materials [11,21].
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Another common drawback of general BTMS, including those using heat pipes for
cooling, is the potential degradation of heat transfer performance due to the high contact re-
sistance between the battery and the system. In response, a novel immersion cooling system
has recently emerged, aiming to enhance heat transfer efficiency by decreasing contact re-
sistance [45-47]. Immersion cooling systems can be classified into single-phase/two-phase
systems and categorized based on the working fluid employed. Notably, the single-phase
immersion cooling system has gained substantial attention due to its affordability and
ease of accessibility concerning the working fluid. The adoption of immersion cooling
has emerged as a promising strategy to elevate battery thermal management and prevent
thermal runaway occurrences in lithium-ion batteries. This technique involves submerging
battery cells in a dielectric fluid, effectively dissipating the heat generated during opera-
tion. Immersion cooling boasts several advantages over conventional air-cooling methods,
presenting improved heat transfer rates, reduced temperature gradients, and augmented
battery safety [45].

A multitude of studies have delved into the efficacy of immersion cooling for lithium-
ion batteries. Nelson et al. [48] conducted a comparative study involving 48 battery cells,
modeling both air cooling and a single-phase immersion cooling system using silicone oil.
The results revealed that the immersion cooling system maintained battery temperatures
of approximately 2.8 °C lower than those achieved through air cooling. Additionally,
Patil et al. [49] analyzed the heat dissipation performance of pouch-type battery cells
through flow rate variations in a single-phase immersion cooling system employing mineral
oil. Zhou et al. [50] introduced a heat-pipe-based phase change liquid cooling system,
maintaining stable battery temperatures at 47 &= 1 °C with a mere temperature difference
of 2.1 °C, effectively averting thermal runaway at high discharge rates. Dubey et al. [51]
compared immersion cooling to cold plate cooling for cylindrical Li-ion battery modules,
revealing that immersion cooling exhibited 2.5-3 times higher thermal conductance and
notably lower pressure drop.

Li et al. [52] conducted an experimental study utilizing SF33 liquid for immersion
cooling under high discharge rate conditions, observing a temperature rise of 4.97 °C at a
4C discharge rate compared to 14.06 °C for forced air cooling. Jithin et al. [53] compared the
efficacy of different dielectric fluids in single-phase liquid immersion cooling, highlighting
that engineered fluid demonstrated a lower temperature rise of 5.2 °C compared to 6.1 °C
for mineral oil at a discharge rate of 2C.

Giammichele et al. [54] conducted experimental assessments evaluating the efficiency
of low-boiling dielectric immersion for batteries. Notably, during phase changes of the
coolant, the battery surface temperature remained nearly constant, indicating improved
convective heat transfer coefficients. Williams et al. [55] compared single-phase and two-
phase dielectric fluid immersion cooling for cylindrical Li-ion battery cells, illustrating that
two-phase immersion cooling resulted in a temperature rise of 1.64 °C compared to 6.84 °C
for single-phase immersion cooling at a 4C discharge rate.

Han et al. [56] delved into Li-ion batteries” discharge and heat-transfer characteristics
directly cooled by dielectric fluid, showcasing improved heat-transfer coefficients with in-
creased coolant volume flow rates. Luo et al. [57] assessed water-based immersion cooling
for batteries, successfully maintaining battery temperatures below 50 °C at a 3C discharge
rate using a specially designed sealing structure. Wang et al. [58] investigated immersion
phase change cooling with a mixed refrigerant R1233ZD(E)/Ethanol, observing enhanced
temperature uniformity and cooling performance in EVs. Satyanarayana et al. [59] explored
battery cooling performance using different coolants, showcasing substantial reductions in
maximum battery temperatures for various immersion cooling methodologies compared
to natural convection cooling at a 3C discharge rate. Li et al. [60] proposed FS49 liquid
immersion cooling, demonstrating noteworthy reductions in maximum battery tempera-
tures and energy consumption compared to forced-air cooling at varying discharge rates.
Wang et al. [61] evaluated a battery thermal management system immersed in a stationary
fluid with direct cooling tubes, substantially extending operation time with higher tem-
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perature limits compared to other cooling methods. Celen conducted experiments using
distilled water for single-phase immersion cooling in LiFePOy4 pouch batteries, maintaining
lower maximum temperatures and reduced temperature non-uniformity compared to other
cooling methods [62]. Choi et al. [63] proposed a hybrid immersion-cooling structure,
showcasing reduced pressure drop, energy consumption, and lower battery temperatures
and differences under challenging conditions.

However, the single-phase immersion cooling system, functioning solely in a liquid
state, inherently leads to increased energy density and weight. Furthermore, specific
single-phase working fluids like mineral oil may introduce issues such as corrosion due to
impurities encountered during the purification process [64].

As a solution, the two-phase immersion cooling system has garnered significant
attention as an electric vehicle battery thermal management approach. Unlike the single-
phase immersion cooling system that operates solely in a liquid state, the two-phase
system enables lightweight design and effective heat transfer through the phase change
process [45].

Considering the limitations associated with current BTMS, including potential disad-
vantages such as increased weight, complexity, and reduced efficiency, this study proposes
an innovative approach that effectively mitigates the risk of fire caused by battery thermal
runaway, among other advantages. Our novel battery thermal management system seam-
lessly integrates the principles of a two-phase immersion cooling system and a heat pipe,
as illustrated in Figure 2.
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Figure 2. Schematics of immersion cooling system using a heat pipe.

Compared to traditional systems, our proposed method offers several distinct ad-
vantages. Firstly, it effectively mitigates the risk of fire stemming from battery thermal
runaway thanks to the direct contact between the battery and the insulating fluid, the
internal working fluid. This critical safety feature represents a significant advancement in
the field of battery thermal management, ensuring the protection of both the vehicle and
its occupants. Secondly, our approach enables a more compact and lightweight design,
as the battery itself acts as the heat source within the heat pipe. This weight reduction
not only enhances the vehicle’s overall performance but also contributes to improved fuel
efficiency, addressing a critical concern in the adoption of BEVs. Furthermore, our system
excels in heat transfer performance, ensuring that the battery operates within the optimal
temperature range, thus extending its lifespan and maintaining peak performance. This
innovation is particularly valuable in addressing the challenges posed by increased heat
generation in modern lithium-ion batteries.



Electronics 2023, 12, 4931

7 of 28

In summary, our novel battery thermal management system offers a holistic solution
to the existing limitations of conventional systems. By prioritizing safety, efficiency, and
performance, it represents a significant advancement in the field of BTMS. The subsequent
sections of this paper will delve into the technical details and theoretical background,
validation model, simulation results, and supporting evidence for the effectiveness of this
groundbreaking approach [65].

2. Description of the Research Model and Theoretical Background
2.1. Description of the Modeling

Figure 2 presents our research model characterized by dimensions of 150 mm in length,
120 mm in width, and 10 mm in thickness. Nonwoven fabric, measuring 0.5 mm thick, is
affixed to both sides of the pouch-type battery. The primary material for the large heat pipe
container, which encases the battery, nonwoven fabric layers, and working fluid, is stainless
steel (SUS-404). To mitigate the risk of battery thermal runaway, we employed Novec™
649, an insulating fluid, as the working fluid within the heat pipe. For the cooling plate, we
opted for SUS-304 as the material of choice. This square-shaped cooling plate, composed
of stainless steel (SUS-304), is engineered to enhance cooling efficiency for pouch-type
batteries [33].

As shown in Figure 3, the integration of wicks between pouch battery cells and
the introduction of working fluid enables the design of a lightweight Battery Thermal
Management System (BTMS).

! c>'
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Figure 3. Conceptional view of battery embedded heat pipe Immersion cooling system.

Figure 4 illustrates the internal heat transfer and liquid circulation mechanism within
the wicks on both sides of the battery and the internal flow space. Initially, the heat
generated by the battery, serving as an internal heat source, conducts into the wicks attached
to both sides of the battery. These wicks are saturated with the working fluid, and capillary
forces within the wick induce upward movement of the working fluid. Simultaneously,
some of the working fluid vaporizes into a gaseous state due to the battery’s heat, ascending
as well.
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Figure 4. Principle of heat pipe embedded immersion cooling system.

The vaporized working fluid subsequently condenses into a liquid state upon encoun-
tering the cooled surface created by the cooling plate. Subsequently, gravity facilitates the
descent of the condensed working fluid, bringing it into contact with the housing and al-
lowing it to flow down to the evaporator section below. This process facilitates internal heat
transfer through phase changes, a fundamental aspect of the system’s operation. Table 1
provides essential information regarding the properties of the nonwoven fabric, the wick
material, and Novec™ 649, the internal working fluid, for a comprehensive understanding
of the system’s components [66,67].

Table 1. Properties of wick and working fluid.

Thermal

.. Density, p Specific Heat
Conductivity, K 3 .
[W/m2 K] [kg/m”°] Capacity, ¢,[J/kg K]
Non-woven 0.038 400 1200
Novec™ 649 0.059 1600 1103

2.2. Initial and Boundary Conditions of the Modeling

Table 2 outlines the initial and boundary conditions employed in this study to develop
the AMESim (Advanced Modeling Environment for Simulation of Engineering Systems)
S/W model. Initially, the battery material selected for this study is aluminum. In contrast,
for the wick material, we opted for non-woven fabric due to its non-metallic nature, making
it suitable for contact with the battery, working fluid, and coolant. This choice was made
to provide effective isolation and corrosion prevention. To evaluate the performance of
the heat pipe system, we conducted a comparative analysis, assessing the insulating fluid
Novec™ 649 against other commonly used heat pipe working fluids such as water, ethanol,
and methanol. The cold plate employed water as the coolant, maintaining a temperature
of 20 °C and a flow rate of 2.4 L/min. As part of our boundary conditions, we simulated
various wick thicknesses, including 0.3 mm, 0.5 mm, 0.7 mm, to investigate their impact on
heat transfer performance.
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Table 2. Initial condition and boundary condition of BTMS.

Category Conditions
Material of battery Aluminum
Material of wick Non-woven
Working fluid Novec™ 649, Water, Ethanol, Methanol
Coolant of cooling plate Water
Initial temperature of battery (°C) 35
Temperature of cooling plate coolant (°C) 20
Mass flow rate of coolant (L/min) 24
Thickness of wick (mm) 0.3,0.5,0.7
Porosity (%) 10~60
Filling ratio (%) 10~60
Heat input (W) 10, 15, 20

Another significant boundary condition involved the examination of porosity, a pa-
rameter known to substantially influence heat pipe thermal performance. Drawing from
Kaviany’s extensive research on various heat pipes, it was established that typical heat pipe
wicks exhibit porosities ranging from approximately 30% to 60% [68]. Consequently, in line
with the boundary conditions of our research model, we considered filling rates ranging
from 10% to 60% and varied the heat supply rate at 10 W, 15 W, and 20 W.

Based on Table 3 and Figures 3 and 4, AMESim modeling of this research model can
be performed as shown in Figure 5. To enhance precision in our modeling and simulation,
we harnessed a sub-model library within AMESim, encompassing various components
and physical factors, as detailed in Table 3. This approach ensured accurate modeling and
simulation of our research model. It empowered us to precisely define and configure the
parameters of each component, resulting in optimized heat dissipation performance. In
summary, the proposed research model was efficiently and accurately modeled using 1D
modeling in AMESim [69-71].

Table 3. Main AMESim library components used in the BTMS model [69].

Library Component Component Name Description

It computes the temperature
dynamics of a solid mass with
respect to incoming heat flux.

Thermal capacity

Conductive exchange Generic conduction.

It is a tool to measure the
temperature of the evaporation part
and the condensation part of this
research model.

—* Conversion of signal to a Conversion of signal to a heat flow.
heat flow

Temperature sensor

This sensor is used to compute the
power or energy at ports of one
system’s component.

Power/Energy/Activity
sensor

It can stop the heat flow rate at a

Thermal plug port

(1} E n
@ Thermal properties

Thermal properties.
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Table 3. Cont.

Library Component

Component Name

Description

>0
L

I;}T
b3

= W

Thermodynamic state
transformer

Fluid property sensor

Two-phase flow pipe
volume

Modulated source

Fluid property(two-phase)

Modulated source

Thermal-hydraulic pipe
volume

Thermal-hydraulic fluid
property

Constant signal

Mathematical function

Reverse the sign of input

Division function

It can choose between nine
predefined choices to define the
thermodynamic state at input and
at output.

Generic sensor with additional
thermodynamic state variable.

Pipe with heat exchange with 2
thermal ports (R-C), related to
various two-phase flow models.

A modulated source of mass flow
rate and enthalpy flow rate.

Fluid property (two-phase).

A modulated source of mass flow
rate, temperature rate, and pressure
rate.

Pipe with heat exchange with
thermal port (C-R), related to
various thermal-hydraulic models.

Thermal-hydraulic fluid property.

outputs a signal with a constant
specified value.

It applies a user supplied function
to two signals input at ports X and
Y, and the result is the output on
another port.

A signal conversion submodel that
reverses the sign of the input signal.

Division function.

2.3. Theoretical Background of the Modeling

In our study, we utilized AMESim (ver. 2020.2) as a valuable tool for our modeling
endeavors. Specifically, we leveraged parameters like pressure, entropy, and specific
enthalpy, which we defined utilizing the p-h (pressure-enthalpy) diagram. By inputting
these parameters into AMESim, the software autonomously computed all relevant variables
and outcomes.

Throughout the AMESim modeling process, we relied on several critical assumptions
to streamline our analysis. These assumptions helped us focus our analysis on the critical
areas [69]:

e  Complete Wick Immersion: We assumed full immersion of the wick structure within
the working medium, ensuring that every part of the wick made contact with the fluid.

e  Darcy’s Flow: We classified the flow within the wick as Darcy’s flow, simplifying the
modeling process by applying well-established fluid flow principles.
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e  Effective Thermal Conductivity: Given that the flow in the wick is characterized
as Darcy’s flow and is fully immersed, we applied the concept of effective thermal
conductivity to the wick structure to account for heat transfer more accurately.

e  Post-Condensation Liquid Film: After the condensation process, we considered the
formation of a liquid film exclusively along the inner wall of the system and the wick.
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Figure 5. One-dimensional AMESim modeling of the BTMS.

2.3.1. Effective Thermal Conductivity Model

Under the assumptions that the internal flow of the wick adheres to Darcy’s flow and
that the wick is fully saturated with the working fluid, we can apply the effective thermal
conductivity equation to the wick. The effective thermal conductivity, denoted as K, ffs is
calculated using Equation (1), where K; represents the thermal conductivity of the working
fluid, Ky is the thermal conductivity of the wick, and ¢ signifies the porosity [72-74].

_ KK + Ky — (1 - ¢)(K; — Kp)]

Keff = K T Ko T (1 0) (K — Ka) @

Furthermore, we calculate the effective density using Equation (2) expressed as:

Peff = (1 —¢€)pw +€p; 2)

and the effective specific heat using Equation (3) as:

szeff - (1 - S)Cp,w + ng,l (3)

Here, p(s represents the effective density, p) is the density of the working fluid, py is
the density of the wick, C, ¢ is the effective specific heat, ¢y, is the specific heat of the
wick, and ¢, is defined as the specific heat of the working fluid [72-74].

2.3.2. Thermal Resistance Network

As depicted in Figure 6, the thermal resistance network is formulated by considering
the conduction resistance and convection resistance within this research model. Specifically,
it encompasses the conduction heat resistance within the housing in the evaporation area
Rin,housing,e- the conduction heat resistance within the wick in the evaporation area Ry, wick e,
and the conduction heat resistance within the battery in the evaporation area Ry, ;a1 -
Additionally, it includes conductive heat resistance between the condenser section and the
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cooling plate Ry, piate,c- Each thermal resistance equation is represented by Equations (4)—(7).
To assess the heat transfer performance of this research model, the total thermal resistance
Rty tota1 is computed using Equation (4) through Equation (7), which is further defined in
Equation (8). Alternatively, the total thermal resistance can be calculated using Equation (9)
as follows. In this context, t denotes the thickness, K represents the thermal conductivity, A
stands for the cross-sectional area, L is the length, T, signifies the evaporation temperature,
T. refers to the condensation temperature, Q denotes the supplied heat amount (battery
heating value) [7,8].

thousing @)

Rinhousing,e =
’ & Khousing X Ahousing

twick
R . — Wik 5
th,wick,e Ks < Awick ( )
Rinwall,e = Fval (6)
thwalle — 7o o 1
Kwall X Awull
Eplate
Rth late,c — — (7)
P Kplate X Aplate
Rth,totul = Rth,housing,e + Rth,wick,e + Rth,wall,e + Rth,plute,c (8)
Tg - TC
Rth.total = (9)
Q

AR AR A AR RN NNARRARNAN]

Battery
(Heat
Source)

Figure 6. Thermal resistance network of immersion cooling system using heat pipe.

The contact resistance between different materials within AMESim is calculated by
defining it as illustrated in Equation (10) and Figure 7 [69].

U

h = — . x (To — T4) (10)
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|

Cross-section area

Figure 7. Conduction involving two materials and contact thermal resistance.

In AMESim, the heat conduction resistance according to the wall thickness can be
defined as shown in Equation (11) [69].

L
Ry, = XA (11)

2.3.3. Porosity, Filling Ratio, Liquid Flim Thickness, Vaporcore Thickness

In this research model, simulations were performed to find the optimal design variable
values based on thermal resistance and evaporation temperature. At this time, various
design variables were studied, such as filling ratio and porosity, wick thickness, working fluid,
and wick material, which are closely related to the performance of the heat pipe [44,74,75].
In this chapter, we will focus on the design variables related to porosity and filling ratio,
liquid film thickness, and vapor core thickness.

Among them, the filling rate @ is given in Equation (12).

Ve
o — fluid

(12)
Van

At this point, the volume of the working fluid Vf;,,;; can be calculated using Equation (13),
which can be expressed as follows. Here, V,;; represents the total internal flow volume,
Viwick is the volume of the wick, w represents the internal flow thickness between the wick
and housing (the sum of the liquid film thickness and vapor core thickness), h stands for
the height [69,73].

Viuid = @ X V= 20 x (SVwick +w x h x l) (13)

Additionally, the mass of the working fluid 4,4, can be calculated from Equation (14),
which can be expressed as follows. Since heat transfer is achieved by changing the internal
working fluid phase, p; represents the density when the working fluid is in liquid, py
represents the density when the working fluid is in a gaseous state [54,58].

M1uia = Vluia X P fuid = Vi X p1+ Vo X po (14)

Afterward, it can be defined as in Equation (15) for f; (liquidfilm thickness), as sum-
marized below [69,73].

B Mflyid — 2p1£VW — 2pV Xwxhxl
2kl % (1 = po)

ty (15)
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In addition, it can be defined as in Equation (16) for t, (vapor core thickness), as
summarized below [69,73].
tv=w—14 (16)

Using Equations (17) and (18), we can calculate the enthalpy of the saturated gas
state H, when the system is fully vapor (x = 1), as well as the latent heat difference of the
enthalpy Hy when it is fully liquid, x = 0. These values are crucial for determining the
internal heat pipe flow, which is calculated through the mass flow rate m in relation to
latent heat 1y and the supplied heat [69,73].

l, = H, — H; (17)

Q=mxl (18)

In AMESim simulations, the conduction thermal resistance is as described in Equation (4)
through Equation (7). Additionally, the modeling of convective heat transfer follows
Newton’s law of cooling and can be represented by Equation (19). Here, H; denotes the
convective heat transfer coefficient, A signifies the heat transfer area, T, foc Tepresents the
surface temperature, and T, corresponds to the air temperature [69,73].

Q= HcA (Tsurface - TOO) (19)

The convective heat transfer coefficient H, is determined using the Nu (Nusselt
number). The Nu (Nusselt number) is calculated based on the Re (Reynolds number)
and Pr (Prandtl number), Gr (Grashof number). These parameters, Re (Reynolds num-
ber), Pr (Prandtl number), Gr (Grashof number), are defined by Equation (20) through
Equation (23). In these equations, p represents the density, Vs denotes the average flow
velocity, L. stands for the characteristic length, y is the fluid’s viscosity coefficient, ¢, is the
specific heat capacity, K is the thermal conductivity, ¢ represents the acceleration due to
gravity, and « is the coefficient of thermal expansion [69].

_ HL

Nu X (20)
Re = £¥ole (21)
H
CyH
pr=—b- 22)
80| Tyair — Trruia| L
Gr = (23)

1u2
Regarding the Nu (Nussle number) in turbulent single-phase flow (using the Gnielin-
ski correlation), it can be expressed as shown in Equation (24) [69].

_ £ (Re —1000) Pr
1+ 12.7\@ x (Pr% - 1)

In the simulation, the equation for calculating the convective heat transfer coefficient
during the condensation process in two-phase flow is the same as Equation (25) [69].

Nu (24)

0.76 (1 _ ,\0.04
Hrp = Hyo % [(1— )™ + (3.8 x x((:)(j;{;)] (25)
i
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The convective heat transfer coefficient Hy o, assuming only liquid, is provided in
Equation (26) and can be defined as follows [69].

A
Hio = 0.023 x Reld x Pri4 x H; (26)

The convective heat transfer coefficient equations during the boiling process are
Equations (27) and (28) and can be defined as follows [69].

H, = {/H2, + H3, g (27)

Hey = Hro X Frp (28)

Frp and Hyp are calculated using Equations (29) and (30) and can be expressed as

follows [69].

1
Frpp=—1— (29)
[A] + Ap)%°

Hnes = Hneso % Fes (30)
At this time, A1 and Aj are calculated using Equations (31) and (32), respectively [69].

0.37 —2.2
Ay =[(1—x)' #1220 x (1 —x)°0 x (PL (31)
Pg
0.67 —2.0
Ao = (VO s 001 5 14 8(1— )07 x (2L (32)

Hio Pg
Fnip is calculated using Equation (33) and can be organized as follows [69].
o)) nf Dh —-0.5 RP 0.133 m o)) 3

Fves = For [ ][] (i) [l ()™ () <] < (M) (39)

Fpr is calculated using Equation (34) and can be organized as follows [69].

1.6 x (pred)&s

Fpp = 2.692 X (preq)*® +
1- (Pred)4.4

(34)

Fpr,®0,Hnecpo,Rpo,1mo, and F(M) are constants that depend on the working fluid. Here,
M in F(M) refers to the molar mass of the working fluid. @, pp is calculated using related
equations included in AMESim [69].

2.3.4. Merit Number

In this research model, which utilizes the principles of an immersion cooling system
and heat pipes, it is crucial to understand the significant factors that affect heat pipes.
One of the key variables among many, which has a substantial impact on heat transfer
in heat pipes, is the choice of working fluid. When selecting a working fluid for a heat
pipe, it is important to consider compatibility with wick and wall materials, good thermal
stability, wettability of wick and wall materials, vapor pressures not too high or low over
the operating temperature range, high latent heat, high thermal conductivity, low liquid
and vapor viscosities, and high surface tension [43,76].

While the working fluid can be chosen by taking into account the conditions mentioned
above, the Merit number offers a quick and precise method for selecting the working fluid
for the heat pipe. The Merit number can be calculated using Equation (35) and is expressed
as follows. Here, y; represents the viscosity of the working fluid in its liquid state, p; is the
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density of the working fluid in its liquid state, o denotes the surface tension of the working
fluid, and I, represents the latent heat of the working fluid [77,78].

o1 X o Xl

Hi (39)

Merit number =

2.4. Validation Modeling in This Study

To rigorously validate the design and performance of our research model, we con-
ducted an extensive comparative analysis by contrasting the simulation results from
AMESim with experimental data obtained from similar research models.

Our research model bears a striking structural resemblance to the work carried out by
Gou and Liu [79]. They proposed and empirically tested a Battery Thermal Management
System (BTMS). In their innovative design, they implemented a U-shaped vapor chamber
enveloping a prismatic battery as the primary heat source. Both configurations feature a
vertical orientation, a square-shaped internal flow space within the vapor chamber, and a
notably expansive vaporization area. Moreover, the positioning of the cooling plate at the
top of their system closely aligns with the structural arrangement in our research model.

Therefore, as illustrated in Figure 8, we leveraged AMESim modeling to replicate
the BTMS proposed by Gou and Liu, a crucial step in validating our approach. Our
AMESim simulations meticulously recreated the structural intricacies of the validation
setup, characterized by an expansive evaporation area, a rectangular internal flow space,
and a vertical orientation. Detailed initial and boundary conditions for this validation
study can be found in Table 4.

. (©) Material of Battery O Working Fluid(Water)
COOhng Plate (=) Material of VC wall Coolant of Cooling Plate(Water)
Material of Wick

:- o Liquid line e I | [ [Fh Liquid line " : VC wall
I i} - — ] r_l
I 3 3 I atte: I : I
| A AN LR

| , = g I

to o!
| . | =g L |

to Vapor line Vapor line o
' | | | | I
I ] . 7

H—22 : ¢ o g

I I IThermal Resistance = Y Pl |
| | e L | |
I ' =1L 1
| Model of capillary function | 1 Model of capillary function |
| | | |

Figure 8. One-dimensional AMESim modeling of the validation model.

Figure 9 displays a comparative graph presenting both experimental data and cor-
responding AMESim simulation results obtained from a validation paper that shares
structural similarities with our research model’s methodology [79]. This graph elucidates
the changes in thermal resistance and evaporator temperature in response to varying levels
of heat generated by the battery. Throughout these experiments, we maintained a filling
rate of 20% and a porosity of 60%.



Electronics 2023, 12, 4931 17 of 28

Table 4. Initial conditions of experimental work [79].

Category Condition
Material of battery Aluminum
Material of wick No. 200 Sintered Copper
Working fluid Water
Coolant of cooling plate Water
Initial temperature of battery (°C) 35
Temperature of cooling plate coolant (°C) 25
Mass flow rate of coolant (L/min) 3
Thickness of wick (mm) 0.5
Porosity (%) 60
Filling ratio (%) 10, 20
Heat input (W) 10~60
55 — 7 0.4
[e = 60%, ¢ =20%| —e— R . Exp. [°C’'W] —=— T Exp.[*C] ]
_ ¢ —0.38
—-— R, Sim. [*C/W] — — T, Sim. [*C] |
o or 1036
= L ) e
= 034 E
g ash | -
= H4032 7
5] L 1 a
g do3 E
= =
(] 40 — 1 o
~ o
= i _ 0.28 =
g 4026 o
2 3sf ] Q
a | do024 =
0k 022
| L | 1 1 1 | L | 1 | 0.2

10 20 30 40 50 60
Heat Input Q [W]

Figure 9. Experimental and simulation results of the validation model [66].

The successful validation of our model becomes evident upon examining Figure 9. The
simulation results exhibit a commendable degree of linearity, a characteristic commonly
associated with 1-D modeling. This high degree of alignment between the experimental
and simulation results substantiates the reliability of our verification process.

In conclusion, the rigorous validation process, comparing our AMESim simulation
results to experimental data from structurally similar models, underscores the robustness
and accuracy of our research model. This validation not only enhances our confidence
in the model’s predictive capabilities but also strengthens its applicability in real-world
Battery Thermal Management System design scenarios.

3. Results and Discussions

In this section, we delve into the results obtained from our comprehensive 1-D model-
ing simulations, which encompassed a range of pivotal design variables. These variables
included critical parameters such as battery heating value, wick porosity, filling ratio,
working fluid, wick thickness, and the number of wicks. The simulation outcomes have
been meticulously analyzed, leading to the generation of a series of informative graphs that
depict the model’s performance under varying conditions. These graphs provide profound
insights into the behavior of our research model.

In Figure 10, we have presented a comprehensive set of graphs that meticulously
detail the impact of various design variables—heat input, filling ratio, and porosity on
both thermal resistance and evaporator temperature. In particular, Figure 10a,b put the
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spotlight on thermal performance when the porosity stands at 60%. This represents a
significant juncture where we observed the lowest thermal resistance and the most favorable
evaporator temperature in the porosity spectrum, which ranges from 10% to 60%. It
is imperative to emphasize that while porosity undergoes alterations, the core trends
underpinning thermal performance remain steadfast.

—*—- Q=10W,R Porosity £ = 60% 36— Q=10W, T, Porosity &€ = 60%
F -+ Q=I5W,R, e Q=ISW.T,
— . Q-20W.R ) B Q=20W,T
3 th o 34 [
o sk » -
e A &= .
~ S ) - " - . -
I~ L /// lé =
8 _7'/" » E 32 -
- (9]
g - e =9
- -8 e L
; 045 5 .
5 = e
o . 5 o30fF v + —~—
5 . * ¢ ] % I
= Z stk
04, =S "
- . L | -— . e
C 1 . 1 1 . 1 L I 2% I . L . L . L . I
20 30 40 50 60 20 30 40 50 60
Filling ratio ¢ [%] Filling ratio ¢ [%)]
(a) (b)

Figure 10. (a) Thermal resistance according to the filling ratio (¢ = 60%). (b) Evaporator temperature
according to the filling ratio (¢ = 60%).

At a heat input of 10 W, we witnessed an optimum filling rate of 30%, resulting
in a thermal resistance of 0.4549 °C/W and an evaporation temperature of 27.0825 °C.
Remarkably, even with a heat input increase to 15 W, the optimal filling rate steadfastly
held at 30%, delivering a thermal resistance of 0.415 °C/W and an evaporation temperature
of 30.0212 °C. When scaling up to the highest heat input of 20 W, which coincided with
the lowest thermal resistance, the optimal filling rate shifted to 40%, generating a thermal
resistance of 0.3848 °C/W and an evaporation temperature of 32.7527 °C.

Additionally, Figure 10 unveils a significant finding: the inverse relationship between
heat input and thermal resistance, corroborating the prediction encapsulated in Equa-
tion (11). As heat input escalates, thermal resistance proportionally declines, confirming
expected behavior. Moreover, the same figure underscores another critical observation—the
propensity for thermal resistance to decrease as porosity ascends within the 10% to 60%
range. The phenomenon of improved heat transfer capabilities, often associated with
heightened porosity levels, is attributed to the robust capillary pumping system’s high ca-
pacity and reduced heat leakage between the evaporation and condensation sections [75,80].
Nevertheless, it is essential to exercise caution when dealing with high porosity values that
generally exceed 30% to 60%, as these can disrupt fluid distribution and compromise wick
mechanical strength, ultimately leading to an increase in thermal resistance [81].

In Figure 11a, we present thermal resistance data for two distinct filling ratios, 30%,
while maintaining a constant porosity of 60%. Figure 11b explores thermal resistance under
similar conditions but with a filling ratio set at 40%. In both figures, the lowest thermal
resistance values align with a porosity of 60%.
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Figure 11. (a) Thermal resistance according to porosity (& = 30%). (b) Thermal resistance according
to porosity (& = 40%).

Figure 11a focuses on the thermal resistance response to varying porosity when the
filling ratio is 30%. At a 10 W heat supply, we observe the lowest thermal resistance of
0.454881 °C/W, which corresponds to a 60% porosity. As the heat supply increases to 15 W,
the optimal thermal resistance remains consistent at 0.414996 °C/W, again achieved at
a 60% porosity. Further elevating the heat supply to 20 W maintains the trend, with the
lowest thermal resistance standing at 0.38785 °C/W and aligning with a 60% porosity.

Turning our attention to Figure 11b, which is centered around a 40% filling ratio, we
find the lowest thermal resistance value of 0.460186 °C/W at 60% porosity. Increasing the
heat supply to 15 W results in an optimal thermal resistance of 0.418128 °C/W, once again
at a 60% porosity. Finally, with a 20 W heat supply, the lowest thermal resistance remains
steady at 0.384835 °C/W, mirroring the 60% porosity condition.

These findings underscore the critical role of porosity in optimizing thermal resistance
across different heat inputs and filling ratios, aligning with our research model’s core
principles.

Figure 12 presents the evaporator and condenser temperatures as functions of filling
ratio and supplied heat, which are vital design variables, under specific conditions. These
conditions involve a coolant temperature of 20 °C and a wick porosity of 50%. The
simulation conducted under the aforementioned conditions produced a stable evaporator
temperature ranging from 27 °C to 28 °C at a supplied heat of 10 W. With a 15 W heat
input, the evaporation temperature consistently falls between 30 °C and 31 °C. Finally, at
20 W of supplied heat, the evaporation temperature stabilizes around 33 °C to 34 °C. These
findings affirm that the system operates effectively within the typical temperature range of
lithium-ion batteries, which is between 20 °C and 40 °C.

Figure 13 sheds light on the relationship between thermal resistance, evaporation
temperature, heat supply, and wick thickness while maintaining a wick porosity of 50% and
a filling rate of 50%. As evident in Figure 13, reducing the thickness of the wick attached to
both sides of the battery results in lower thermal resistance and evaporator temperatures.
This reduction is associated with a decrease in conduction resistance, indicating that a
thinner wick enables a faster return of the condensed working fluid to the evaporation
unit, offering benefits such as reduced pressure drop during fluid return and a decrease in
conduction resistance [75].
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Figure 12. Temperature (evaporator, condenser) according to filling ratio.

10 12 14 16 18 20
T T [ T T T T T I T I J a0
0.7 H t, Thermal Resistance Evaporator
0.3 mm o th - T,; Porosity & = 50% —_—
g‘ 0.5 mm + R, —— T, Filling ratio ¢ = 50% | | %‘i
-~ “
Y 06 H 0.7 mm —=— R, -—= T, [
— o
o 353
5} I . Pras s
(5] - (5]
= - o
< - - — £
% 05+ e — = 1 2
‘A “ - P | =
Q - - — —
~ L T - " g
= T 2 T 130 &
§04 . ///’/// //// - %
- — — - . g
= e - Z
- - T T
L = - .~ 4
7 —
03 = | ! | L | L | 1 | L |
10 12 14 16 18 20

Heat Source Q [W]

Figure 13. Thermal resistance and evaporator temperature according to wick thickness.

However, if the wick is very thin, the cross-sectional area of the fluid flow may decrease,
potentially leading to an increase in the pressure drop of the flowing liquid and reduced
heat transfer performance. Conversely, a thicker wick increases the cross-sectional area
available for fluid flow and simultaneously reduces the pressure drop of the flowing liquid,
which can aid heat transfer but may also increase thermal resistance. Therefore, designing
a wick with an appropriate thickness is of paramount importance to achieve optimal heat
transfer performance [75,82,83].

Another significant design variable is the selection of the working fluid. The choice
of working fluid significantly impacts heat transfer performance within the heat pipe. To
facilitate this selection, we employ the Merit number as a practical tool [76,84]. Remarkably,
as shown in Figure 14, when ranked in descending order of merit number, the sequence
is as follows: water, methanol, ethanol, and Novec™ 649 [85-90]. This ranking assists in
identifying working fluids that can enhance heat transfer performance.
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Figure 14. Merit number of working fluid at various temperature.

Figure 15a,b encapsulate a comprehensive analysis of thermal resistance and evapora-
tor temperature, investigating their correlation with heat input and the selection of working
fluid as the key design parameters. Throughout this assessment, a consistent porosity and
filling rate of 50% were maintained. The standout discovery from our research underscores
a notable interplay between the merit number and the thermal attributes under scrutiny.
Notably, higher Merit numbers corresponded to concurrent reductions in both thermal
resistance and evaporator temperatures.
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Figure 15. (a) Thermal resistance according to working fluid. (b) Evaporator temperature according
to working fluid.

Delving into the graphical data of Figure 15a,b, it becomes apparent that fluids like
water and methanol manifest significantly lower resistance and evaporator temperatures
within the system. This revelation suggests that these specific fluids boast exceptional
operational traits, intricately aligned with the core operational principles governing the
efficiency of heat pipes. The distinct characteristics encompassing high surface tension and
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Condensate

Return flow | ¢

substantial latent heat properties inherently present in water and methanol significantly
contribute to their superior performance within the thermal dynamics of this system.

Fluids endowed with robust capillary forces, facilitating the swift return of condensed
liquid within the operational mechanism of heat pipes, wield a tangible advantage in
bolstering the overall system performance. However, it is imperative to highlight that
within the scope of this study, where the heat source is a battery, the choice of working fluid
emerges as a critical concern. Prioritizing the adoption of dielectric fluids like Novec649
becomes essential to effectively address and nullify any potential electrical safety risks
associated with the system.

Moreover, the meticulous assessment of fluid selection methodology with respect to
the merit number underscores the paramount importance of opting for working fluids
characterized by elevated merit numbers. This criterion assumes a pivotal role in not
just achieving but optimizing enhanced heat transfer performance within the system.
Consequently, it accentuates the need for thorough consideration and selection of working
fluids that not only bolster thermal efficiency but also align with the specific operational
safety requisites dictated by the application, particularly emphasizing electrical insulation
in scenarios involving battery-operated systems. [91].

In Figure 4, when there are two wicks, they are attached only to both sides of the
battery. In this configuration, some of the working fluid within the wick is vaporized by
heat conducted from the battery, while the remainder vaporizes as it rises through the
wick, driven by capillary forces. The vapor travels to a colder region near the cooling plate,
where it condenses back into liquid form. Subsequently, the condensed liquid flows down
along the heat pipe housing wall and returns to the working fluid reservoir, allowing for
a continuous cycle of heat transfer through phase change. In contrast, Figure 16 shows
a structure in which two wicks are attached to both sides of the battery, similar to the
configuration in Figure 4, but with the addition of wicks affixed to both walls of the heat
pipe housing.

Cold Plate(Heat Sink)
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i L
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- 4 3. B
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> i (Heat — iy = =
e, rﬁ _1 . ‘S B
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Figure 16. Principle of immersion cooling system using heat pipe, model with wicks on all sides.

Figure 16 illustrates two configurations involving wick placement in the heat pipe
housing. The results of these configurations, presented in Figure 17, compare thermal
resistance and evaporation temperature while considering filling ratio, heat supply, and
the number of wicks, all at a porosity of 10%. Remarkably, when two wicks are employed,
thermal resistance and evaporation temperature are lower compared to the case with four
wicks. This observation can be attributed to gravity, which causes the natural downward
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flow of condensed liquid along the heat pipe housing wall when two wicks are attached to
both sides of the battery. In contrast, with four wicks, the capillary force of the wick can
impede the descent of some of the condensed liquid, hindering heat transfer and resulting
in increased thermal resistance and evaporation temperature.
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Figure 17. (a) Thermal resistance according to wick layers (b) evaporator temperature according to
wick layers.

These results collectively offer valuable insights into the performance of our research
model under various conditions, enabling informed decisions in the design and optimiza-
tion of Battery Thermal Management Systems.

4. Conclusions

In this study, an extensive exploration of a novel Battery Thermal Management System
(BTMS) was conducted using comprehensive 1-D modeling. The primary objectives focused
on developing a system capable of preventing thermal runaway while optimizing heat
dissipation across multiple design variables, including heat input, filling ratio, porosity,
working fluid, heat pipe wick thickness, and the number of heat pipe wicks.

To validate the research model’s robustness, AMESim modeling was employed, com-
paring simulated outcomes with experimental data. This rigorous verification process
confirmed a high degree of similarity between simulation and experimental results, affirm-
ing the model’s reliability. Subsequently, further 1-D modeling simulations using AMESim
systematically explored various design variables within the context of the BTMS model.

The investigation was initiated by simulating evaporation temperatures with varying
heat inputs. At 10 W, the evaporator temperature consistently ranged between approxi-
mately 27 °C and 28 °C. At 15 W, it stabilized between 30 °C and 31 °C, and at 20 W, it
remained between 33 °C to 34 °C, aligning with the optimal lithium-ion battery operating
temperature range of 20 °C to 40 °C. These results confirmed the system’s capability to
maintain suitable temperatures across diverse heat inputs.

Crucially, optimal porosity and filling ratio values were identified to minimize thermal
resistance. At 10 W, the lowest thermal resistance of 0.4549 °C /W was achieved with 60%
porosity and a 30% filling ratio, while at 15 W, it was 0.415 °C/W with the same parameters.
Finally, at 20 W, the lowest thermal resistance of 0.3848 °C/W occurred with 60% porosity
and a 40% filling ratio, showcasing the BTMS’s performance under varied conditions.

The selection of the working fluid within the heat pipe emerged as a pivotal design
variable, with NovecTM 649 exhibiting slightly reduced heat transfer efficiency compared
to water due to its lower Merit number. However, NovecTM 649 effectively maintained the
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battery within the ideal temperature ranges for different heat inputs, offering additional
insulation against thermal runaway and acting as a fire suppressant in critical situations.

The present study’s 1-D modeling investigations shed light on the complex interplay
of design variables within the BTMS model, demonstrating its potential to prevent thermal
runaway and optimize heat dissipation. Future research directions involve expanding
investigations to the battery module level, promising weight reduction, miniaturization,
and enhanced safety against thermal runaway phenomena.
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Nomenclature

A Area, m?

Cp Specific heat, I/kg-°C

Dy, Hydraulic diameter, m

f Fiction coefficient

F Correction factor

Gr Grashof number, dimensionless

H Heat transfer coefficient, W/m?.cC
Specific enthalpy at Equation (17), K/kg

h Height, m

K Thermal conductivity, W/m-°C

L¢ Characteristic length, m

[ Length, m

Iy Latent heat of working fluid, J/kg

M f1id Total mass of the working fluid, kg

m Mass flow rate, kg/s

Nu Nusselt number, dimensionless

Pr Prandtl number, dimensionless

Q Heat transfer rate, W

R Thermal resistance, °C/W

Re Reynolds number, dimensionless

t Thickness, m

T Temperature, °C

v Volume, m?

Vs Flow speed, m/s

w Liquid film thickness + Vapor core thickness, m

x Quality

Greek

Porosity, dimensionless

Density, kg/m?

Filling ratio, dimensionless, Vfuia/V,,
Thermal diffusivity, 1/°c

Surface tension of working fluid, N/m
Viscosity of working fluid, kg/m-s

=T a R gD "
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Subscripts

all Total

c Condenser,

cr critical

cv Convective

e Evaporator

eff Effectiveness

f Fluid

l Liquid

LO Liquid only
NcB Nucleate Boiling
plate Cooling plate
TP Two-phase flow
red Reducing

v Vapor

w Wick

wall Battery wall
surface Surface

00 Surrounding air
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