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Abstract: This study proposes an anti-gravity 3D pulsating heat pipe (PHP) for cooling pouch batteries
in electric vehicles. The 3D PHP envelops the battery cells and rapidly transfers heat generated
from the batteries to the bottom cold plate. While the batteries generate heat on their frontal surface
during charging and discharging, structural characteristics lead to localized heat accumulation at
the electrode lead tabs. Therefore, to address frontal heating, Pattern A with a consistent height for
the 3D PHP and Pattern B with varying heights to enhance heat transfer in the localized heating
area were designed. The target application involved creating a battery simulator for 340 x 100 mm
pouch battery cells, considering the battery’s heat generation characteristics. The experiments for
the thermal characteristics were conducted, considering factors such as the working fluid (methanol,
Novec7100), filling ratio, supplied heat, and orientation. Additionally, to observe internal flow
mechanisms, a special experimental apparatus was used, employing transparent fluorine rubber
tubes to observe the flow mechanism of the 3D PHP. In the results of the thermal characteristics, the
optimal filling ratio was 15% when heat generation levels of 50 W and 100 W were supplied and
20% when 150 W was supplied. The impact of orientation yielded varied results depending on the
pattern and working fluid, attributed to the complex interplay of flow momentum due to orientation
changes and the influence of the working fluid’s buoyancy under anti-gravity conditions. Pattern
B, designed with the goal of applying a localized heat model, exhibited relatively decreased heat
transfer performance in areas with varying heights. As the distance from the varying height portion
increased, temperature oscillations and heat transfer became more active. These results suggest that
variations in the shape of the 3D PHP could be a primary design variable for crafting localized heat
models. Observations of internal flow revealed that the 3D PHP, with its unique shape and operation
under anti-gravity conditions, exhibits longer and more irregular cycles compared to gravity-assist
PHPs, transferring heat through rapid oscillations of internal working fluid liquid/vapor slug/plug.
The potential of 3D PHPs for cooling electric vehicle batteries is suggested by these findings, and
further experimentation is planned to evaluate the optimal design and applicability.

Keywords: three-dimensional pulsating heat pipe; battery thermal management system; electric
vehicles; anti-gravity heat pipe; flow mechanism

1. Introduction

The urgent need for sustainable transportation solutions, combined with growing
environmental awareness, has driven a significant shift in the automotive industry toward
electrification. Electric vehicles (EVs) have emerged as pivotal players in this transition,
offering reduced emissions, improved energy efficiency, and decreased dependence on
finite fossil fuels compared to traditional internal combustion engine vehicles. However, the
widespread adoption of EVs relies heavily on the development of robust battery systems

Energies 2024, 17, 2283. https:/ /doi.org/10.3390/en17102283

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17102283
https://doi.org/10.3390/en17102283
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5183-189X
https://doi.org/10.3390/en17102283
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17102283?type=check_update&version=1

Energies 2024, 17, 2283

2 0f29

capable of delivering high performance, extended range capabilities, and dependable
operation across diverse conditions [1-4].

Among the numerous challenges facing EV battery technology, effective thermal
management stands out as a critical area of focus. Thermal issues such as heat accumula-
tion during charging and discharging cycles can profoundly impact battery performance,
longevity, and safety. Inadequate heat dissipation can lead to accelerated degradation,
reduced energy efficiency, and even thermal runaway, posing significant safety risks. Thus,
the implementation of efficient cooling solutions is essential to ensure optimal operation
and longevity of EV battery systems [5-7].

To address these challenges, various solutions for EV battery cooling have been
proposed. Presently, the predominant method involves indirect liquid cooling, which
dissipates heat from pouch batteries via a bottom cold plate. However, the increasing
capacity and energy density of EV batteries necessitate more advanced cooling solutions.
One technology garnering significant attention is the utilization of direct liquid cooling
employing dielectric fluids and phase change heat pipes [8,9]. In this context, our study
proposes a novel approach utilizing a three-dimensional (3D) pulsating heat pipe (PHP) for
battery cell cooling.

The PHP, conceptualized by Akachi in 1990, diverges from conventional heat pipes in
its mode of operation [10]. Unlike conventional heat pipes, which separate and circulate
vapor and liquid spaces, the PHP transfers heat by forming rapidly oscillating vapor-liquid
plugs/slugs. As shown in Figure 1, crafted by bending small-diameter tubes to form a
container subsequently filled with a working fluid, a typical PHP facilitates heat transfer
primarily through surface tension and buoyancy-driven bubble movement within its channels.
As bubbles generated at the evaporator at the bottom ascend swiftly to the condenser at
the top, the vapor and liquid phases coexist and oscillate rapidly within the small tubes,
influenced by surface tension. Research on PHPs entails an extensive analysis of heat transfer
mechanisms via flow visualization of internal working fluids, alongside investigations into
variables influencing heat transfer, such as filling ratio, number of bends, and internal diameter,
among others, owing to their intricate operational mechanism [11-14].

Condenser

>

sunesng

Evaporator

Figure 1. The pulsating heat pipe.

In this study, anti-gravity 3D PHP technology for cooling batteries in automobiles
under upper heating and lower cooling conditions is proposed. The proposed 3D PHP,
depicted in Figure 2a, is designed to encase pouch batteries, thereby increasing the conden-
sation area compared to planar 2D PHPs and enhancing the cooling efficiency. Additionally,
it is anticipated that when applied at the cell level and inserted between the battery and
the lower cold plate of the vehicle, as shown in Figure 2b, it will absorb vibrations from
the vehicles and improve heat transfer performance. Furthermore, hot spots often occur in
current batteries due to localized heating depending on the position of the lead tabs [15].
To disperse heat concentrated in these hot spots, we considered variations in the height of
the 3D PHP. The height of the 3D PHPs was increased in areas expected to experience high
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heating to maximize the heating area, while pipes with lower heights were positioned in
areas anticipated to have relatively low heating to achieve uniform heat distribution.

Battery Cell PHP Embedded
Silicon Thermal Pad

- Heat Out to bottom cold plate

(a)
Battery Cells Cooled by PHP Pad

Cold Plate
Lower Cover

Cold Plate
Flow Channel

Cold Plate

(b)

Figure 2. Cooling technology concept using 3D PHP: (a) Cooling concept of the battery cell using 3D
PHP; (b) Application of the 3D PHP.

Furthermore, assessments were carried out using methanol and Novec7100 as working
fluids. Methanol is well-suited as a working fluid for a PHP operating under anti-gravity
conditions due to its relatively low density [16]. On the other hand, Novec7100 is an
engineering fluid primarily employed for the direct cooling of electronic devices as an
electrical insulating fluid. It offers the advantage of preventing fires resulting from fluid
leakage due to external impacts on the working fluid, owing to its electrical wire insula-
tion properties [17].

The application of PHPs for battery cooling is continuously evolving, as evidenced by
numerous notable research endeavors. For instance, Chi et al. [16] introduced an innova-
tive method for cooling lithium-ion batteries in EVs using an oscillating heat pipe (OHP),
effectively addressing the limitations of traditional cooling methods. Their study under-
scored the critical role of efficient battery cooling technologies in mitigating heat-related
issues during charging and discharging processes, thus preventing capacity degradation
and extending battery lifespan. Similarly, Chen et al. [18] explored the utilization of a
pulsating heat pipe (PHP) with TiO, nanofluid for thermal management of EV lithium-ion
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batteries, demonstrating effective suppression of battery temperature rise and ensuring
optimal performance within the desired temperature range. Additionally, Zhou et al. [19]
investigated a hybrid oscillating heat pipe (OHP) charged with carbon nanotube nanofluids
for EV battery cooling, showcasing superior heat transfer performance and presenting a
promising cooling solution.

Furthermore, Chung et al. [20] conducted an in-depth analysis into optimizing a pul-
sating heat pipe (PHP) cooling system for cylindrical 18,650 cells in electric vehicles. Their
comprehensive study explored various parameters such as the number of turns, working
fluid, and condenser length, concluding that a specific PHP system configuration offered
optimal cooling performance, which is critical for enhancing electric vehicle efficiency.
Lv et al. [21] contributed significantly by investigating the thermal management of power
battery modules using a TiO; nanofluid pulsating heat pipe (TiO,-CLPHP) and cooling
fan. Their proposed optimal thermal efficiency strategies and performance tests under
diverse conditions showcased significant temperature reduction and enhanced efficiency,
indicating effective thermal management for power battery modules.

Moreover, Hongkun et al. [22] discussed the utilization of oscillating heat pipes (OHPs)
in battery thermal management systems (BTMSs), exploring various OHP applications
aimed at enhancing cooling efficiency and maintaining optimal battery temperatures.
Despite advancements, they identified a lack of spatial optimization for BTMSs and limited
thermal power transfer under moderate battery temperatures. This prompted the proposal
of a novel battery liquid-cooling system with a L-shaped OHP to enhance volumetric
utilization and heat transfer efficiency.

Considering the complex fluid dynamics and heat transfer characteristics inherent
to PHPs, research on three-dimensional PHPs has gained momentum since the late 2010s.
Notable examples include work by Qu et al. [23], who investigated enhancing the thermal
performance using a phase change material coupled with oscillating heat pipes (OHPs).
Similarly, He et al. [24] proposed a three-dimensional closed-loop pulsating heat pipe
(CLPHP) design to enhance heat dissipation, revealing significant reductions in thermal
resistance and improvements in heat transfer efficiency. Additionally, Yu et al. [25] intro-
duced a novel three-dimensional oscillating heat pipe (3D-OHP) utilizing liquid metal
and ammonia as working fluids to tackle high-power and high-heat-flux dissipation chal-
lenges. Their innovative approach demonstrated significant advancements in heat transfer
efficiency, offering promising solutions for future battery cooling applications in electric
vehicles and beyond.

Furthermore, ongoing research efforts aim to explore the potential of PHPs in address-
ing critical challenges in electric vehicle battery cooling. For instance, advancements in
nanofluid-based PHPs, as showcased by Chen et al. [18] and Lv et al. [21], highlight the im-
portance of leveraging nanotechnology to enhance heat dissipation and thermal uniformity
in battery modules. Similarly, the exploration of hybrid PHP configurations, as demon-
strated by Zhou et al. [19], offers new avenues for improving heat transfer performance
and optimizing the cooling efficiency in electric vehicle applications.

In this context, a comprehensive experimental investigation into the performance of a
novel 3D PHP system designed specifically for EV battery cooling is presented. The primary
objective is to evaluate the thermal characteristics and operational performance of the 3D
PHP system under a range of experimental conditions. Through advanced experimental
techniques, meticulous analysis, and insightful discussions, we aim to unravel the complex
interplay between system parameters, fluid dynamics, and heat transfer mechanisms.

In subsequent sections, the experimental methodology (Section 2) is detailed, results
and discussions (Section 3) analyzing the impact of various parameters on the thermal
performance of the 3D PHP system are presented, and conclusions (Section 4) are drawn
by summarizing key findings, highlighting implications for future research, and providing
recommendations for advancing 3D PHP technology in EV battery cooling applications.
Through this comprehensive analysis, we aspire to contribute to the ongoing evolution of
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thermal management technologies for electric vehicles, fostering innovation and sustain-
ability in the automotive sector.

2. Experiment
2.1. Experiment Design
2.1.1. Experiment of Thermal Characteristics

In this study, a method was devised using a 3D PHP-embedded thermal pad to
transfer heat to the bottom cold plate. Experiments were conducted accordingly. The
concept involved shaping the pulsating heat pipe, as depicted in Figure 2, and attaching
it to pouch battery cells to transfer heat to the lower dissipating part. Experiments were
conducted with changes made to the shape of the pipe to observe its characteristics.

The variables were selected as shown in Table 1 [26]. The pulsating heat pipe utilized
a flexible copper tube with an internal diameter chosen according to the operating fluid,
methanol, and Novec7100, using the following Equation (1) [27,28].

07,/— 2 <Dmm] <13

glor—py) ~ -

o

gl —py)’ W

where g is the gravity acceleration, p; is the density of the liquid phase, p, is the density of
the vapor phase, o is the surface tension and D is the inner diameter of PHPs. The ends of the
PHP were closed-end types, and battery simulators were used to simulate heat generation.
The thermodynamic properties of the working fluids are shown in Table 2 [29-31] and the
heat generation from the batteries was calculated based on a 340 x 100 mm pouch battery 2P
(Parallel), considering a maximum heat generation of 150 W, corresponding approximately
to the 4C-rate, which is the maximum heat the battery simulators can withstand.

Table 1. Experimental variable settings.

Independent Variables Value Explanation
Patterns of 3D PHPs A and B type Refer to Figure 3
No. of Turns 8 Turns
Working Fluid Methanol, Novec7100
Filling Ratio = /2
Filling Ratio 10, 15, 20, 25, 30% Vit Internal volume of the PHP
Veig: Volume of the working fluid
Inner Diameter of the PHP 1 mm Inner diameter of the pipe
Supplied Heat 50, 100, 150 W Supplied heat from power supply
Y,
| 4 "l@('-o
B

Inclination Angle 0, 15, 30 degrees

Studies on the positioning of battery lead tabs and the distribution of cell temperatures
indicate that heat concentration in battery cells occurs primarily in areas where the positive
electrode tabs are located. Additionally, the temperature distribution of battery cells is
greatly influenced by the placement of the electrode lead tabs. Therefore, CT (Counter Tab)-
type battery cells, where electrode tabs are positioned at both ends of the battery, tend to
exhibit smaller temperature variances within the cell compared to NT (Nominal Tab)-type
cells, where both positive and negative electrodes are positioned on one side [15,32—40].
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Battery Cell, CT-type

3D Pulsating Heat Pipe (PHP)

()

Battery Cell, NT-type

3D Pulsating Heat Pipe (PHP)

(b)

Figure 3. Shape of 3D PHPs according to applications: (a) Three-dimensional PHP for the CT (Counter
Tab)-type battery cell, Pattern A; (b) Three-dimensional PHP for the NT (Nominal Tab)-type battery
cell, Pattern B.

Table 2. Thermodynamic properties of methanol and Novec7100 [29-31].

Properties Methanol Novec7100

Density of Liquid [kg/m?] at 25 °C 786 1520

Density of Vapor [kg/m?] at 25 °C 0.22 10.12
Latent Heat [k] /kg] 1165 125
Surface Tension [dynes/cm] 22.07 13.6
Boiling Point [°C] 64.7 61
Dynamic Viscosity [mPa-s] 0.544 0.61
Specific Heat [k] /kg-K] 2.53 1.17

Currently, vehicles equipped with electric vehicle dedicated platforms (which consume
high currents) are typically fitted with CT-type batteries, as illustrated in Figure 3a. However,
in some cases, NT-type batteries, as depicted in Figure 3b, are also utilized concurrently [37,39].
Consequently, this study aims to design a 3D PHP system considering the heat generation
according to the electrode tab location of the battery. Two patterns are proposed: Pattern
A, targeting CT-type applications, and Pattern B, targeting NT-type applications, which are
shown in Figure 3. Experimental investigations were conducted accordingly.
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Figure 4 shows the heat generation of a battery caused by a chemical reaction, accord-
ing to the C-rate (Current(A)/Battery capacity(Ah)). The heat is calculated by following
Equation (2) [41].

where Q is the total heat generation of the battery, Qr is the reaction heat, Q, is the polar-
ization heat, Qs is the side-reaction heat and Qj is the Joule heat. During the simulation of
battery heating using a battery simulator, the polarization heat and side-reaction heat were
disregarded, with a focus instead on reaction heat and Joule heat for the design. The determi-
nation of reaction heat and Joule heat can be accomplished using Equations (3) and (4) [41].

Qx = "), ®)
Qy = PRWJ, (€

where n is the number of battery cells, m is the mass of the positive and negative materials,
I'is the charge/discharge current, M is the molar mass, F is the Faraday constant and R is
the total ohmic resistance of the battery.
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Figure 4. Calculation of pouch battery heat generation according to C-rate.

2.1.2. Experiment to Verify the Flow Mechanism of Anti-Gravity 3D PHP

The internal flow visualization experiment of the 3D PHP involved connecting the
middle section of the piping to a copper tube using transparent fluorine rubber tubes
(HAKKOH, E-SJ-2-20M), as shown in Figure 5. The flexible copper tube used had an inner
diameter of 1 mm, while the transparent fluorine rubber tube had an inner diameter of
2 mm. Methanol was chosen as the working fluid and filled to 15% capacity. A heat input
of 40 W was applied to the system for consistent conditions throughout the experiment.
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Fluorine Rubber Tube ) i :2mm

Figure 5. Shape of the 3D PHP to verify the flow mechanism.

2.2. Experimental Setup and Procedure
2.2.1. Experiment of Thermal Characteristics

The experimental setup began with constructing a battery simulator, as depicted in
Figure 6. Made of aluminum, it housed a carbon wire heater for heat distribution. Thermal
grease was applied to minimize resistance, with the carbon wire heater boasting a specific
resistance of 65 ()/m for a 6 K carbon fiber heating element, totaling approximately 167.4 ().

Next, the 3D PHP was attached to the periphery of the battery simulator, as illustrated
in Figure 6. A 1 mm thick thermal pad with a conductivity of 6 W/mk and silicone pads
were utilized to optimize contact and insulate against heat dissipation. Power was supplied
via an AC power supply (Max. 240 V), with precise voltage and current measurements
taken to regulate heat.

The setup, detailed in Figure 6, featured a custom-designed support stand for angle
adjustments. Cooling water was circulated through the base of the 3D PHP through a
chiller (DRC 8, CPT INC., Gunpo-si, Republic of Korea). The 3D PHP, constructed from
flexible copper, had inner and outer diameters of 1 mm and 2 mm, respectively.

Heat was applied to the battery simulator using the AC power supply, while cooling
water was supplied to the condensation section (bottom) of the 3D PHP, as depicted in
Figure 6. Temperature data were collected using Yokogawa MX-100 (Yokogawa Electric
Corporation, Japan) and thermocouples placed on the PHP and heater, as shown in Figure 7,
which meet K-type specifications. The error margin for the K-type thermocouples was
+0.75% [42], and for the MX-100, it was £0.05% [43].

A vacuum pump (V-i2120, Zhejiang Value Mechanical & Electrical Products Co., Ltd.,
Zhejiang, China) created a vacuum pressure of up to 69 Pa. The working fluid was charged
using a 1 cc syringe in increments of 0.01 cc. The internal volumes of the 3D PHPs were as
follows: Pattern A, 3.26 cc, and Pattern B, 2.58 cc.

Voltage measurements were taken using a Fluke87 True RMS multimeter (Fluke
Corporation, Japan) with an error margin of +1% [44]. Current measurements were taken
using a Fluke324 True RMS clamp meter multimeter (Fluke Corporation, Japan) with a
maximum error tolerance of £2%, ensuring reliable and reproducible outcomes [45].
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Figure 6. Experimental apparatus and set-up.
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Figure 7. Positions of Thermocouples: (a) Positions of thermocouples on battery simulator; (b) Posi-
tions of thermocouples on 3D PHP, Pattern A; (c) Positions of thermocouples on 3D PHP, Pattern B.

2.2.2. Experiment to Verify the Flow Mechanism of Anti-Gravity 3D PHP

The flow visualization experiment for the 3D PHP was conducted following the setup
shown in Figure 8. To ensure controlled heating, two polyimide film heaters were used.
These heaters, each capable of delivering a maximum power of 100 W and measuring
150 x 120 mm, were strategically placed to evenly distribute a total heat input of 40 W

across both ends of the 3D PHP.

Efficient cooling and stable operating temperatures were maintained by fully immers-
ing the condenser section of the 3D PHP in a tank filled with cooling water. This water
was kept cool by a cold plate connected to a chiller unit (RBC 9, Human Science, Hanam,

Republic of Korea).

Capturing the dynamic flow pattern of the 3D PHP required the use of a high-
resolution camera equipped with advanced optics. The main lens of the camera had
a 48 MP resolution, a 24 mm focal length, and an f/1.78 aperture. The footage recorded

was of 4 K quality at 60 fps.

To ensure optimal visibility and minimize potential distortions in the recorded imagery,
illumination was provided by three LED lights. Two LED lights emitted 1000 nit each,
while one emitted 2000 nit. This carefully selected lighting configuration ensured uniform
brightness without any flickering issues, thereby enhancing the clarity and precision of the

captured footage.
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Figure 8. Experimental procedure to verify the flow mechanism.

3. Results and Discussion

As mentioned earlier, when heat was applied to the battery simulator, the charac-
teristics of the 3D PHP were analyzed based on the temperature of the evaporator and
condenser, through thermal resistance and temperature distribution. The thermal resistance
used in this analysis is calculated using the following Equation (5) [46—48].

Ry, = Tsimulator,&lv(e2 ~ Teondave [OC/ W] ®

where Tgimylator,ave s the mean temperature of battery simulator, Teong ave is the mean
temperature of condenser and Q is the supplied heat to the battery simulator, which is
calculate by Equation (6) [20].

Q= VI W], 6)

where V is the input voltage and I is the electric current. Experimental uncertainties in
directly measuring the temperature (T), voltage (V), and current (I) were synthesized
based on the system uncertainty analysis, as demonstrated by the thermal resistance

Equation (7) [20,49].
1/2

Ur = [Z?1<(§\IZ)UVI>Z] [%], @)

where Uy is the total uncertainty error and Uy is the partial and total uncertainty errors,
respectively. Based on Equation (7), the maximum uncertainty for thermal resistance in the
current was +1.78%.

3.1. Results of Thermal Characteristics
3.1.1. Effect of Filling Ratio

The analysis conducted when a heat supply of 50 W was provided reveals variations
in the thermal performance of the 3D PHP with different filling ratios and working fluids.
Notably, at filling ratios of 10% and 15%, the thermal resistance is observed to be at its
lowest, as shown in Figure 9. This finding emphasizes the critical influence of filling ratio
on the thermal characteristics of the PHP system.

It is interesting to note that Novec7100, characterized by a higher density compared
to methanol, exhibits the lowest thermal resistance at a filling ratio of 10%. Conversely,
methanol presents a relatively higher thermal resistance under similar conditions. This
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performance difference can be attributed to the operational dynamics of the 3D PHP under
upper heating and lower cooling conditions. The relatively lower density of methanol
facilitates smoother operation, enabling it to secure the necessary momentum for effective
heat transfer within the system.

0.80
—#— Methanol, Vertical, Pattern A, —®— Methanol, 6=15°, Pattern A
—&— Methanol, 6=30°, Pattern A, —w— Novec7100, Vertical, Pattern A
E 0.75 F |4 Novec7100, 6=15°, Pattern A, Novec7100, 6=30°, Pattern A
—p— Methanol, Vertical, Pattern B, —@— Methanol, 6=15°, Pattern B
%) —— Methanol, 6=30°, Pattern B, Q =50 W
L 070
5]
(P
= »
S 0.65 -
SO
17 v
-
3
[~ 0.60 |
—(
<
g 0551
ot
=
= 0.50 -
0.45 1 1 1 1 1
10 15 20 25 30

Filling Ratio, %
Figure 9. Thermal resistance of 3D PHP according to filling ratio, Q = 50 W.

Further investigation into the optimal operating conditions reveals that the lowest
thermal resistance occurs with 15% methanol filling, Pattern A, and vertical orientation,
achieving an impressive thermal resistance of 0.476 °C/W. Across various experimental con-
figurations, the 15% filling ratio consistently demonstrates superior operating performance
under a condition of Q =50 W.

Moreover, it is noteworthy that when considering both the heat supply and fluid
filling amount, methanol proves most effective at a 15% filling ratio when 50 W of heat is
supplied. This highlights the intricate interplay between fluid properties, filling ratio, and
operational parameters in optimizing the thermal performance of the 3D PHP system for
battery cooling applications.

Figure 10 depicts the thermal resistance under a heat supply of 100 W, offering insights
similar to those observed with a 50 W supply. This comparative analysis sheds light on
the thermal behavior of the system across varying heat loads. The finding that Novec7100
exhibits the lowest thermal resistance at a 15% filling ratio further accentuates its suitability
for effective heat transfer within the system. This observation suggests that at this specific
filling ratio, the fluid possesses adequate momentum to facilitate efficient circulation and
heat dissipation, optimizing thermal performance.

Delving deeper into the specifics, Novec7100 demonstrates superior thermal resistance
at a 15% filling ratio, Pattern A, and a 30-degree inclination, registering a commendable
value of 0.472 °C/W. Conversely, methanol showcases its optimal performance under
different conditions, excelling at a 15% filling ratio, Pattern A, and a vertical orientation,
with a thermal resistance of 0.433 °C/W.

Thus, when faced with a heat supply of 100 W, the comprehensive analysis reaffirms
the 15% filling ratio as the optimal condition across diverse operational configurations.
This understanding emphasizes the critical role of fluid dynamics and system parameters
in achieving efficient thermal management, particularly in high-power applications like
battery cooling for electric vehicles.

As depicted in Figure 11, an observable trend emerges wherein an increase in the
supplied heat correlates with a decrease in thermal resistance, particularly noticeable at
filling ratios of 15% and 20%. This observation highlights the dynamic interplay between
heat supply, fluid dynamics, and system performance.
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Figure 11. Thermal resistance of 3D PHP according to filling ratio, Q = 150 W.

Of particular interest is the consistent observation of the lowest thermal resistance at a
20% filling ratio of methanol under vertical conditions, showcasing a remarkably low value
of 0.401 °C/W. Furthermore, this trend extends to Novec7100, with thermal resistance also
exhibiting a reduction at a 20% filling ratio.

The study demonstrates interesting characteristics by showing that the device has the
unique working mechanism of the PHP, which has an inverted position of evaporation and
condensing part compared to the conventional system of PHPs. The preliminary study of
the concept of top heating and bottom cooling systems in PHPs was conducted by Chi et al.
(2019) [16]. The system which has a massive upper evaporating area and a relatively small
condensing area is not an ideal formation for the OHP to work properly, even though the
device worked at a certain range of conditions. Figure 12 indicates the thermal resistance
according to the filling ratio of the PHP in both of the studies.

For case (a) in Figure 12, the device that has a 2 mm outer diameter and 1 mm inner
diameter showed the lowest thermal resistance as 2.088 °C/W at a 14.7% filling ratio for
Methanol as a working fluid when supplied 20 W heat. To improve the result of the study
by chi et al. [16], enlarging the area of the condensing part was proposed as a solution.
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By composing the condensing part in a three-dimensional structure, the contact surface
of the cooling part was maximized, maintaining the identical inner and outer diameter
for the device. In Figure 12b, the thermal resistance increased after hitting the low point
when supplied 50 W of heat at a 15% filling ratio, resulting in 0.476 °C/W for methanol
and 0.522 °C/W for Novec7100, respectively, which indicates a similar tendency to the case
of (a) in Figure 12.
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Figure 12. Thermal resistance of anti-gravity PHP: (a) Thermal resistance of OHP according to filling
ratio, Chi et al. (2019) [16]; (b) Thermal resistance of 3D PHP according to filling ratio.

Consequently, it is conceived that there is a tendency for the optimal filling ratio for
PHP to consist of a range from 10% to 15% as increasing the condensing area leads to a
reduction in thermal resistance.

These findings prompt a deeper exploration into the underlying mechanisms govern-
ing fluid behavior and heat transfer within the system. It is suggested that at higher heat
supply levels, the working fluid acquires sufficient momentum to counteract gravitational
forces, thereby enhancing fluid circulation and heat dissipation.

Conversely, at a 10% filling ratio, the proportion of the working fluid is comparatively
lower, potentially impeding its ability to facilitate adequate heat transfer relative to the
supplied heat load. This underscores the critical role of filling ratio in optimizing the
thermal performance and emphasizes the necessity of tailored fluid dynamics for efficient
heat management in diverse operating conditions.

The categorization of battery heat generation into specific rates provides insights
into the varying heat dissipation levels across different charging scenarios. Under typical
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conditions, electric vehicles operate at approximately a 3C-rate during periods of maximum
acceleration. Consequently, a filling ratio of 15% is deemed optimal for discharge processes,
ensuring efficient heat management and battery performance.

However, the dynamics change during rapid charging sessions, where the utilization
of a maximum 5C-rate becomes common. This shift introduces complexities in determining
the ideal filling ratio for optimal performance. Therefore, further experiments and evalua-
tions are imperative to comprehensively understand and address the implications of these
charging dynamics on battery thermal management, crucial for enhancing the efficiency
and longevity of electric vehicle battery systems.

3.1.2. Effect of Inclination

Figure 13 illustrates the operational behavior of Pattern A with a 15% filling ratio of
methanol concerning variations in inclination angle. This analysis delves into the impact of
inclination angle on the thermal characteristics of the system under consideration.

In the context of the specified operating conditions, as shown in Figure 13a, it becomes
evident that an increase in inclination angle correlates with a corresponding increase
in thermal resistance. This observation highlights the importance of considering the
geometric configuration, such as inclination angle, in optimizing the thermal performance
of the system.

However, upon closer examination, it is intriguing to note that when a heat supply
of 150 W is provided, the extent of the increase in thermal resistance with the inclination
angle is relatively modest. Specifically, the thermal resistance increases from 0.406 °C/W
to 0.443 °C/W in the case of a vertical orientation. This observation suggests that while
inclination angle does exert some influence on thermal resistance, its impact appears to be
mitigated to some extent. This phenomenon can be attributed to the system’s ability to
maintain sufficient momentum in the flow of the working fluid, despite variations in the
inclination angle.

Figure 13b—d depict the results of FFT (Fast Fourier Transform) analysis for the evap-
orator (T17) under the condition of 50 W heat input, Pattern A, with varying angles. In
these results, a notable amplitude at 0.2724 Hz is observed under the vertical condition
compared to other frequency ranges. However, with an increase in the inclination angle,
the temperature oscillations become irregular, vibrating at non-constant frequencies, and
the amplitude tends to decrease. These findings align with the trend of increasing thermal
resistance as the angle increases, as shown in Figure 13a. Furthermore, they support the ob-
servation that under the conditions of Pattern A, methanol 15%, the heat transfer efficiency
decreases as the angle increases.
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Figure 13. Cont.
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Figure 13. Thermal performance of 3D PHP according to inclination, Pattern A, methanol 15%:
(a) Thermal resistance according to inclination angle, Pattern A, methanol 15%; (b) FFT result of T17,
Q =50 W, vertical; (c) FFT result of T17, Q = 50 W, inclination angle = 15°; (d) FFT result of T17,
Q =50 W, inclination angle = 30°.
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Figure 14 presents a detailed analysis of the operational characteristics of Pattern A,
specifically focusing on the behavior observed with a 15% filling ratio of Novec7100 and its
response to variations in the inclination angle. This investigation offers valuable insights
into the interaction of different operating parameters with the system’s performance.
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Figure 14. Thermal performance of 3D PHP according to inclination, Pattern A, Novec7100: (a) Ther-
mal resistance according to inclination angle, Pattern A, Novec7100 15%; (b) FFT result of T17,
Q =50 W, vertical; (c) FFT result of T17, Q = 50 W, inclination angle = 15°; (d) FFT result of T17,
Q =50 W, inclination angle = 30°.

In contrast to methanol, which was previously examined, the utilization of Novec7100
reveals intriguing nuances in thermal behavior. Notably, when subjected to heat supplies
of 100 W and 150 W, it is observed that the thermal resistance is minimized at an inclination
angle of 30 degrees.

However, the thermal resistance shifts when the supplied heat is reduced to 50 W.
Under these conditions, in Figure 14a, the lowest thermal resistance is recorded in the verti-
cal orientation, measuring 0.522 °C/W. Conversely, at an inclination angle of 15 degrees,
the highest thermal resistance is noted, reaching 0.604 °C/W. This variation in thermal
behavior across different inclination angles highlights the importance of understanding
how system parameters interact to influence performance outcomes.

Figure 14b—d present the results of FFT analysis for the evaporator (T17) under the
condition of 50 W heat input, Pattern A, with Novec7100 filled to 15%, varying by angle.
In these results, under the vertical condition, the 1st mode appears at 0.2778 Hz with an
amplitude of 0.1253. As the angle increases, the 1st mode frequency relatively increases, but
there is a notable decrease in amplitude. These findings suggest a decrease in heat transfer
performance when considering the heat transfer mechanism of the PHP. However, under
conditions of upper heating and lower cooling, as depicted in Figure 15, the influence of
the gravity of the working fluid cannot be disregarded. With increasing angle, although
the amplitude of the evaporator temperature decreases relatively, considering the effect of
fluid flow due to the gravity of the liquid inside the PHP (sinx) with the high density of
Novec7100, the flow effect due to the self-gravity of the PHP internal liquid also decreases.
Due to these complex relationships, it is inferred that the thermal resistance increases at an
inclination angle of 15 degrees and decreases at 30 degrees.

The analysis of Pattern B with a 15% filling ratio of methanol, as presented in Figure 16,
reveals intriguing insights into its thermal characteristics. Unlike Pattern A, where the
thermal resistance generally increased with inclination angle, Pattern B demonstrates a
contrasting behavior, showing a reduction in thermal resistance as the inclination angle
increases. This unique phenomenon offers a new perspective on the interplay between
system geometry and fluid dynamics in thermal management.
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Figure 15. Effect of gravity inside the 3D PHP.

Upon closer examination, it becomes apparent that the observed decrease in thermal
resistance is most pronounced when a heat supply of 50 W is provided. However, even
under higher heat supply conditions of 100 W and 150 W, a subtle but consistent reduction
in thermal resistance is observed with increasing inclination angle. These findings suggest
a nuanced relationship between inclination angle and thermal behavior within Pattern B.

For instance, when subjected to a heat supply of 50 W, the thermal resistance notably
decreases from 0.608 °C/W in the vertical orientation to 0.544 °C/W at a 30-degree incli-
nation angle. Similarly, under 100 W conditions, the thermal resistance decreases from
0.516 °C/W in the vertical orientation to 0.504 °C/W at a 30-degree inclination angle.
Likewise, for 150 W, the thermal resistance decreases from 0.477 °C/W in the vertical
orientation to 0.469 °C/W at a 30-degree inclination angle.

When reviewing Figure 16b—d, a clear trend emerges in Pattern B. The FFT analysis
results of the evaporator (T6) indicate that as the inclination angle increases, the 1st mode
frequency also increases, while maintaining similar amplitudes. At the point where the
inclination angle is 30 degrees, a relatively rapid temperature oscillation is observed, with
a 1st mode frequency of 0.3582 Hz and an amplitude of 0.3105. Therefore, in Pattern B,
it can be observed that as the inclination angle increases, the heat transfer performance
also increases.

Such variations in thermal behavior can be attributed to the inherent non-uniformity
of Pattern B. The fluctuating pipe height of the PHP in Pattern B introduces complexities
in fluid flow dynamics, necessitating a relatively greater momentum for efficient flow.
However, as the PHP tilts, the momentum requirement for fluid flow diminishes, resulting
in a reduction in thermal resistance.
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Figure 16. Thermal performance of 3D PHP according to inclination, Pattern B, methanol 15%:
(a) Thermal resistance according to inclination angle, Pattern B, methanol 15%; (b) FFT result of T6,
Q =100 W, vertical; (c) FFT result of T6, Q = 100 W, inclination angle = 15°; (d) FFT result of T6,
Q =100 W, inclination angle = 30°.

3.1.3. Effect of Patterns

The experimental analysis aimed to comprehensively investigate the operational
performance of the 3D PHP under two distinct configurations: Pattern A, characterized
by a consistent pipe height, and Pattern B, where the pipe height varies. Through testing,
these configurations were examined to understand their respective impacts on the PHP’s
functionality.

The findings, as presented in Figure 17, provide insights into the operational dynamics
of Pattern A, particularly under conditions of a 15% filling ratio of methanol and vertical
orientation. The results reveal notable temperature oscillations within both the evaporator
and condenser sections, indicating effective heat transfer and fluid circulation within
the PHP.

However, upon closer examination, a disparity in fluid circulation patterns across
different regions of the PHP becomes apparent. While the central region displays vigorous
oscillations of the working fluid, as depicted in Figure 17b,c, there is a noticeable suppres-
sion of fluid circulation towards the lateral sides. The right graphs of Figure 17b,c illustrate
the FFT analysis results of T17 and T26, respectively. T17, positioned in the center, displays
relatively large oscillations with a consistent frequency (1st mode: 0.2624 Hz, Amplitude:
0.057), as shown in the transient temperature graph over time. In contrast, T26, located on
the side, exhibits highly irregular oscillations without a consistent frequency.

These results indicate that heat transfer is more active in the center than on the sides
in Pattern A. This is expected due to the blocked-end configuration, which typically results
in reduced flow in the lateral sections. However, closed-end PHPs ensure stable heat
transfer performance with increasing turns, and closed-end PHPs with a certain number of
turns exhibit comparatively minor changes in heat transfer performance due to inclination
compared to closed-loop PHPs. Therefore, further evaluation of heat characteristics based
on variations in the number of turns is deemed necessary in this study [50].



Energies 2024, 17, 2283

22 of 29
140 L Pattern A, Vertical, Methanol, FR=15%
~ ~ A A~ Numbers: TC positions
o) o ot '3i 110 a| bo| | Teoer
120 will
&) ‘:;C'*;;;(; A
o |1 Bk
S 100 "
h 7/
8
s 80
%]
2
g 60
(%)
[
40
20 |4
1
1 1 1 1 8] 1
0 2000 4000 6000 8000 10000
Time, sec
(a)
4ol ——T12,—T13,—Tl4, T15 0.09
T16, T17, T18, — T19 T17, Methanol 15%
120 L T20, T21, T22, T23 0081 Vertical, Q =150 W
&) Pattern A, Vertical, Methanol, FR=15% 0.07 Pattern A
S )
& 100 - .| | ... Numbers: TC positions 0.06 | 0.2624Hz, 0.057
b Al L
AN =
2 ol cHIk A Ww ‘”5 Z 005t
P ' AR =
3 ; Fhits goo04r
£ 60 o<
0.03 |
=
40 i 0.02
! 1
AT ow | OV ool
2007 50W | i ol
1 1 L 1 1 : 1 000 1 1 1 1 1 \
0 2000 4000 6000 8000 10000 0.0 0.1 02 03 04 05 06 0.7 08 09 1.0
Time, sec Frequency, Hz
(b)
0.008
140 + T26, T27, T28, 129 T26, Methanol 15%
i =159 i
Pattern A, Vertical, Methanol, FR=15% 0.289611z, 0.0065 Vertical, Q = 150 W
120 i Numbers: TC positions Pattern A
Qb | bR RS e b | e 0.006 -
s 100 + a
[ - L9
¢ £
2
s 80F 2 = 0.004
%) =
2 £
g 60 <
[
L L 0.002 |
Or e 150 W
: 100 W
20 50w
L L L L L 000 1 1 1 Il 1 1 1 1 Il
0 2000 4000 6000 8000 10000 0.0 0.1 02 03 04 05 06 0.7 08 09 1.0
Time, sec Frequency, Hz
(c)

Figure 17. Temperature variables and FFT result of 3D PHP, Pattern A, methanol 15%, vertical:
(a) Temperature variations of 3D PHP(all numbered thermocouple positions, Pattern A; (b) Temper-
ature variations (Thermocouples of highlighted yellow region) and FFT result (T17) of 3D PHP in
center line, Pattern A; (c) Temperature variations (Thermocouples of highlighted yellow region) and
FFT result (T26) of 3D PHP in side, Pattern A.

The results from Pattern B, where the pipe height varies, with a 15% methanol filling
ratio and vertical orientation, are illustrated in Figure 18. Unlike Pattern A, which maintains
a constant pipe height, Pattern B provides insights into how changes in pipe height affect
the operational behavior of the 3D PHP.
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Figure 18. Temperature variables and FFT result of 3D PHP, Pattern B, methanol 15%, vertical:
(a) Temperature variables of 3D PHP(all numbered thermocouple positions, Pattern B; (b) Temper-
ature variables (Thermocouples of highlighted yellow region) and FFT result (T23) of 3D PHP in
center line, Pattern B; (c) Temperature variables (Thermocouples of highlighted yellow region) and
FFT result (T6) of 3D PHP in side, Pattern B.

Upon closer inspection of the findings depicted in Figure 18b,c, it is clear that the
fluid oscillation is significantly reduced within sections where the pipe height varies. The
FFT analysis outcomes for T23 and T6 are presented in the right graphs of Figure 18b,c,
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respectively. T6, situated on the side of Pattern B, shows substantial oscillations with a
consistent frequency (1st mode: 0.2685 Hz, Amplitude: 0.1717), as indicated in the transient
temperature graph over time. Conversely, T23, positioned in the variable height section,
exhibits irregular oscillations without a consistent frequency. These findings suggest that
in Pattern B, fluid flow differs from that in Pattern A, with more vigorous heat transfer
observed toward the side as the height varies.

This observation implies that irregularities in pipe height may create stagnant flow
areas, potentially compromising the overall efficiency of the PHP. However, interestingly,
regions further away from the sections with varying pipe heights show notably vigorous
fluid oscillations. This observation prompts inquiries into the complex interaction between
fluid dynamics and geometric configurations within the PHP.

While the presence of stagnant flow regions within continuous pipes with varying
heights poses a significant operational challenge, there are potential benefits in terms of lo-
calized heat dissipation. Given that battery cell heat dissipation characteristics often exhibit
non-uniformity, a PHP design that accommodates these variations could be advantageous
in addressing localized heat buildup.

3.2. Flow Mechanism of Anti-Gravity 3D PHP

The flow mechanism and internal flow pattern of the anti-gravity 3D PHP are depicted
in Figure 19. As illustrated in Figure 19a, when heat is supplied from the top, it induces
oscillations of the liquid plug at the bottom condenser ((D), gradually moving as pressure
gradients form to allow the liquid plug to ascend. Once the liquid plug reaches the upper
evaporator, it instantaneously vaporizes and transfers heat as it moves to another section
of the pipe.

The vapor generated at the upper evaporator swiftly descends to the lower con-
denser (), displacing the liquid in the condenser and forming a liquid film on the walls of
the PHP tube. As depicted in (3), the vapor is condensed at the bottom part of the device
reboiling liquid plug back the upper evaporator to the lower condenser.

The flow behavior of the anti-gravity 3D PHP exhibits relatively slow and irregular
patterns compared to the PHP under conditions of bottom heating and top cooling. How-
ever, once the momentum to overcome gravity and sustain flow is attained, the working
fluid circulates rapidly until pressure equilibrium is achieved, facilitating heat transfer.
Operation under anti-gravity conditions necessitates greater pressure gradients due to
gravitational interference, resulting in longer irregular circulation cycles compared to
conventional conditions.

In the internal abnormal flow of the anti-gravity 3D PHP, bubbly flow is not observed.
This is because the working fluid accumulates in the lower condenser, causing the liquid
phase of the working fluid not to be positioned at the evaporator at the beginning of
operation. Specifically, as the liquid accumulates at the condenser, it vibrates itself with
short and small-amplitude oscillations. Therefore, variety flow patterns are simultaneously
observed when significant pressure gradients are formed inside the PHP, as shown in
Figure 19b.

Annular flow is observed due to the phenomenon of vapor pushing out the liquid
accumulated in the condenser and circulating rapidly, but it is not sustained continuously.
Slug flow is also intermittently observed, mainly in pipes where annular flow is not
formed. This is because the momentum generated as the liquid plug vaporizes at the
upper evaporator initially pushes out the liquid at the bottom and forms annular flow, but
as it moves to other pipes, the flow momentum decreases, leading to the observation of
vapor/liquid slug/plug.
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Figure 19. Flow mechanism and patterns of anti-gravity 3D PHP, methanol 15%: (a) Flow mechanism
of anti-gravity 3D PHP; (b) Flow patterns in anti-gravity 3D PHP.
4. Conclusions

In this study, experimental research on the fundamental operational characteristics and
performance of a uniquely shaped 3D PHP designed for cooling pouch batteries in electric
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vehicles was conducted. Various factors, including the type of working fluid, filling ratio,
patterns, inclination angle, and supplied heat, were explored. The findings are summarized
as follows:

1.

Effect of Filling Ratio and Supplied Heat: The optimal filling ratio for methanol in the
3D PHP, regardless of pattern, was found to be 15% under vertical conditions with
50 W and 100 W heat supply. At 100 W, Pattern A and vertical orientation showed the
lowest thermal resistance at 0.433 °C/W. When heat supply increased to 150 W, the
optimal filling ratio shifted to 20%, resulting in a thermal resistance of 0.400 °C/W.
Similarly, for Novec7100, the 15% filling ratio was optimal at 50 W and 100 W heat
supply, while at 150 W, it shifted to 20%. The lowest thermal resistance recorded
was 0.437 °C/W at a 20% filling rate under vertical conditions with 150 W supply
heat. Comparatively, the 3D PHP exhibited lower thermal resistance than the 2D PHP,
which was evaluated by chi et al. [16], due to its larger condenser.

Effect of Inclination Angle: When methanol was used as the working fluid, the
thermal resistance increased with higher inclination angles in Pattern A, where the
height remained fixed. Conversely, in Pattern B, which featured varying heights,
there was a trend of decreasing thermal resistance as the inclination angle increased.
These findings suggest that the irregular structure of Pattern B is advantageous
for the working fluid to overcome gravity and acquire momentum for flow as the
inclination angle rises. Furthermore, in Pattern A with Novec7100 as the working
fluid, the highest thermal resistance was observed at a 15-degree inclination angle,
while relatively lower thermal resistance was noted under vertical and 30-degree
conditions. FFT analysis of the evaporator temperature indicated that even in Pattern
A with Novec7100, temperature amplitude and oscillation characteristics were most
favorable under vertical conditions. However, due to its relatively high density, the
combined effects of nucleation-driven momentum at the evaporator and decreasing
gravity with increasing inclination angle contributed to the complex thermal behavior.
Effect of Patterns: The evaluation results of Pattern A (designed with uniform heat
generation across the front) and Pattern B (designed for localized heat dissipation,
with varying heights) are as follows. In the case of Pattern A, vigorous temperature
oscillations are observed in the center, while weaker temperature oscillations are
noted towards the sides. This phenomenon is attributed to the general tendency of
reduced flow in the lateral sections due to the nature of closed-end PHPs, which
could potentially be mitigated by varying the number of turns. For Pattern B, there is
a significant decrease in heat transfer performance in the regions where the height
varies, and as one moves away from these regions, there is a notable improvement
in temperature oscillations and amplitudes. These results suggest, as hypothesized
initially, that PHPs can be designed to accommodate localized battery heating based
on the shape of the 3D PHP.

Flow Mechanism: The flow mechanism of the anti-gravity 3D PHP involves longer
and more irregular cycles compared to the short-cycle flow typically observed in
conventional PHPs. Initially, the liquid plug undergoes rapid oscillations at the
bottom condenser until a pressure gradient forms to overcome gravity, allowing it
to ascend to the upper section. Subsequently, the liquid plug moves gradually to the
upper evaporator, where it instantly vaporizes and transfers to another section of the
piping. During this process, heat rapidly diffuses as gas moves within the 3D PHP.
Eventually, when the internal pressure gradient decreases to the point where gravity
cannot be overcome, the liquid gathers again at the bottom condenser.
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Nomenclature

English
Diameter, m

F Faraday constant
I Electric current, C/mol
m Mass of the positive and negative material of battery, kg
n Number of battery cells
Q Total heat generation of the battery, W
Qr The reaction heat, W
Qp The polarization heat, W
Qs The side-reaction heat, W
Q The Joule heat, W
R Electric resistance, Q)
Rin Thermal resistance, °C/W
Tsimulatorave Average temperature of battery simulator, °C
Teond,ave Average temperature of condenser, °C
Ur The total uncertainty error, %
Uyt The partial uncertainty error, %
A\ Voltage, V
Greek
] Density of liquid phase, kg/m3
Py Density of vapor phase, kg/m?3
o Surface tension, dynes/cm
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