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Abstract Existing pulsating heat pipes (PHPs) have a closed loop on a two-dimensional
(2D) plane, leading to a structural limit in heat transfer performance. This study solves the limi-
tations of these existing PHPs by substituting a specific three-dimensional (3D) structure PHP.
The numerical model (having a 2D structure PHP) was validated with the experiment, which
shows the maximum error of 8.5 % in the results. Results show that additional flow occurred
due to the 3D structure of the PHP, which enables improved heat transfer. Under uniform heat-
ing conditions, the thermal resistance and the temperature of the evaporator decreased by up
to 14.7 % and 6.7 °C, respectively. Finally, the heat transfer performance was compared for the
entire 3D structure PHP under uniform and non-uniform heating conditions. The non-uniform
heating conditions of the PHP increased the thermal resistance and temperature of the evapo-
rator under low heating rates while decreased them under high heating rates.

1. Introduction

With the recent industrial developments, electronic equipment is being miniaturized, battery
capacity and energy density are increasing, and the amount of heat generated per unit area is
continuously increasing. Therefore, thermal management is becoming an important factor in
determining the service life, performance, and stability of these devices. Among various meth-
ods for thermal management of electronic equipment or batteries, extensive research has been
conducted on heat pipes using fluid to effectively transfer or manage heat by using the latent
heat of evaporation. In particular, a pulsating heat pipe (PHP), in which the tube is composed of
several loops on a two-dimensional plane, has no wick structure; therefore, the structure is
simple, and the design can be applied flexibly, unlike the conventional heat pipe structure. In
addition, there is an advantage in that the thermal properties are superior to those of the con-
ventional heat pipe due to heat transfer by pulsating generated due to phase change and inter-
nal pressure imbalance [1].

PHP has been studied extensively as a heat transfer medium [2]. Youn and Kim [3] analyzed
the thermal characteristics of silicon-based micro-PHP according to filling ratio, inclination angle,
and thermal load. As a result, the heat transfer rate of PHP is reported to be approximately 1.5
times higher than that of copper. Jang et al. [4] analyzed the thermal characteristics according
to the asymmetry and aspect ratio of the PHP flow path and proposed an optimal flow path
design according to the thermal load. Patel et al. [5] analyzed PHP performance using 1) pure
water, ethanol, methanol, and acetone, 2) mixtures of water with ethanol, methanol, acetone,
and 3) water-based surfactant solutions. In addition, some studies using different types of fluids
[6, 7] and nanofluids as working fluids have been conducted [8, 9]. Combining the results of
previous studies, the heat transfer performance of PHP is influenced by the operating condi-
tions (working fluid, filling ratio, and heat load) [10], as well as design variables (inner diameter,
length, asymmetry, number of turns, and inclination angle) [11, 12].

A large amount of heat entering the heat pipes evaporates the liquid phase in the evaporator,
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leading to a dry-out in which the liquid phase disappears on the
heating surface, thereby significantly reducing the heat transfer
rate. Numerous studies are being conducted to address these
problems. Furthermore, several numerical studies using ex-
periments and computational fluid dynamics (CFD) are being
conducted to investigate the complex phase change flow phe-
nomenon inside PHPs. However, heat pipe analysis deals with
an ideal flow accompanied by a phase change, which requires
considerable computational power because phase change
occurs continuously through multiple loops. As existing nu-
merical studies on PHPs has limitations in numerically predict-
ing numerous phase change processes, many studies at-
tempted to perform the analysis using the 2D model [13, 14] or
treating the physical properties of the working fluid as a con-
stant value [14-16]. Kang et al. [13] used a 2D numerical model
to analyze a single loop PHP with separating walls located at
the flow channel using variable properties of the working fluid.
Wang et al. [14] also used a 2D numerical model to analyze
the single loop PHP with different diameter ratios. Wang et al.
[15, 16] analyzed a single loop PHP with a 3D numerical model
using CTAC solution as the working fluid at different initial
pressures and wettability levels. Wang et al. [15] used a 3D
numerical model to analyze a single loop PHP by varying the
surfactant and working fluid mixing ratios. The same authors
[16] analyzed the same numerical model under various wet-
tability settings. Most experimental studies focused on optimiz-
ing the filling ratio and shape according to the heating rate
applied to PHP within a two-dimensional structure, or analyzing
flow characteristics. PHP can be manufactured in a flat plate
type, and for thermal management in batteries or electronic
equipment, manufacturing it in a three-dimensional (3D) struc-
ture improves space utilization and reduces the temperature
deviation between PHPs. When a specific PHP receives a high
amount of heat under a non-uniform heating condition, dry-out
can be delayed by the flow of the working fluid inside the sur-
rounding PHP. Despite these advantages, prior studies related
to the three-dimensional structure of PHP included Han et al.
[17] analyzing the flow characteristics by connecting the con-
denser and the evaporator using four glass tubes, reporting
that a lower filling ratio facilitated dry-out. Chu et al. [18]
changed the flow path close to 3D by configuring the evapora-
tor of PHP in the form of a spiral coil, while Qu et al. [19] ana-
lyzed the heat transfer characteristics by bending the evapora-
tor of PHP and constructing it three-dimensionally. However,
3D structure PHP-related studies mentioned above only at-
tempted to change the flow path of the evaporator by configur-
ing the contact part to be three-dimensional. No studies on 3D
structure PHP in which separate flat-type PHPs are connected
three-dimensionally have been conducted. Moreover, most
PHP research focus on the thermal properties of the working
fluid, operating conditions, and geometric parameters such as
the diameter, number of turns, and length ratio of the evapora-
tor and condenser. Therefore, this study aims to compare the
heat transfer characteristics of 3D structure PHP numerically
with those of 2D structure PHP and review the applicability of

3D structure PHP as a thermal management system for elec-
tronic equipment or battery packs in the future.

In this study, the heat transfer characteristics under different
heating conditions were analyzed numerically by connecting
the upper and lower parts of five single-loop PHPs to construct
a 3D structure of PHPs. This study used a 3D model to mini-
mize the errors of experimental and numerical analysis, and
numerical analysis was performed considering the change in
the physical properties of the working fluid according to tem-
perature and pressure. Finally, the heat transfer characteristics
of a PHP with a three-dimensional structure under different
heating conditions are compared with PHP with a two-
dimensional structure to provide basic design data for the novel
3D PHP.

2. Numerical model
2.1 PHP model

In this study, numerical analysis was performed using a
commercial program, ANSYS Fluent, to model a PHP. When a
PHP starts to work with a certain amount of heat applied, the
internal flow pattern consists mainly of a liquid slug/vapor plug
type flow pattern. Among the multiphase models, the volume of
fluid (VOF) is a multiphase flow model that uses a surface
tracking technique applied in a fixed mesh system to analyze
the interface according to the interaction between each fluid.
Therefore, the VOF model is believed to be a multiphase
model suitable for analyzing PHP, and in this study, the analy-
sis has been conducted using the VOF model. In the VOF
model, when an interface between phases exists in the mesh,
the ratio of each phase is expressed as a volume fraction. This
study used two phases, a liquid and a vapor phase, which
were ¢, and ¢, , respectively, and the sum of volume frac-
tion in each analytical mesh was 1. It is calculated as «, =0
when only the liquid phase exists in the analytical mesh, and
o, = 1 when only the vapor phase exists. In this study, to con-
sider the compressibility of the vapor phase and increase the
stability of the analysis, the vapor and liquid phases were used
as the primary and secondary phases, respectively. The gov-
erning equations [20] for continuity, momentum and energy are
given below.

The continuity equations used for interfacial tracking are ex-
pressed as follows:

| e+ ¥ p) =iy, | Q0

1|0 - . .
E[&(%ﬂ,)ﬁ'v'(a[pﬂ),) =myp, —my; :| (2)

1

where m, denotes the mass transfer amount from the vapor
phase to the liquid phase, and my, denotes the mass transfer
amount from the liquid phase to the vapor phase. m, and
my, are expressed as follows:

4870



Journal of Mechanical Science and Technology 37 (9) 2023

DOI 10.1007/s12206-023-0839-1

) T-T,
i, =up, T ®

sat

(T-T.)

i pap, 2 @

sat

where T, denotes the saturation temperature of the working
fluid, T, denotes the liquid-phase temperature, and T, denotes
the vapor-phase temperature. The LEE model [21] was used
that was proposed by LEE for the phase change model, with
£, and B as time relaxation coefficients for evaporation and
condensation processes, which were set as 0.1 and 6 s™ [13],
respectively, for the analysis.

The momentum and energy equations are expressed as fol-
lows:

%(pv)w. (p7) =-VP+V-[u(Ve+V¥') | pg+F  (5)
%(pE)+V-(V(pE+p)):V-(keffVT)+Sh )

Density and viscosity in the momentum equation were calcu-
lated as variables for the volume average within the mesh. A
continuous surface force (CSF) model was used for the sur-
face tension, which is an important variable in PHP analysis,
mainly dealing with liquid slug/vapor plug flow. In the energy
equation, energy (E) and temperature (T) were assumed to be
variables for the mass average.

2.2 Numerical model validation

The numerical model validation was conducted with the
same size and conditions as in the study conducted by Saha et
al. [22]. The heat pipe with an inner diameter of 4 mm and a
total length of 150 mm used for model verification is shown in
Fig. 1. The lengths of the condenser, adiabatic section, and
evaporator are 30, 60, and 60 mm, respectively. Saha et al.'s
[22] employed quartz glass as the material in their study. In this
study, only the fluid part was modeled, and the solid part was
omitted. A shell conduction conditions were applied to all walls,
using the same thickness and thermal conductivity as men-
tioned in Saha et al.'s [22] study. The meshes in the independ-
ence test for the four different grids were generated using
ANSYS Fluent Meshing. Fig. 2 illustrates the cross-section of
the generated grids. The meshes have 46113, 37572, 30309,
and 25053 grids generated by polyhedral mesh with 5 layers.
The grid independence test was performed under two heat
input conditions of 35.77 and 55.8 W. Fig. 3 shows the thermal
resistance, internal pressure, and error percentage for different
heat inputs. The change in thermal resistance and internal
pressure corresponding to a change in the grid number is as
small as 7 % at most. To reduce errors that may occur under
conditions other than the mesh independence test, and con-
sidering the computational time of the numerical analysis,
30309 grids were used in the present numerical simulation.

Table 1. Working fluid properties.

Phase Property Content
Saturation
temperature La=1(p)
Surface
tension o=/(T)
p :Local pressure
Liquid-phase Density p,=f(T) |T :Local temperature
(water-liquid) Viscosity = f(T)
Vapor-phase Density p,=P/RT
(water-vapor) Viscosity 4, = constant
A
E
E
&

;_‘Zl}mmp;

>l ‘4 mm

60 mm
]

60 mm

\J

Fig. 1. Single loop pulsating heat pipe (2D structure PHP).

The heating rates of the evaporator were 35.77, 55.8, 86.62,
and 97.11 W, and the temperature of the condenser was 25 °C.
The filling ratio of the heat pipe was 50 %, and the working fluid
was water. To apply the temperature and/or pressure depend-
ent variable physical properties of the working fluid to the
analysis, each property value of water-liquid and water-vapor
was applied in the form of polynomials by curve fitting in the
operating temperature range. Because the internal pressure
changes according to the heating rate in a PHP, the saturation
temperature of the working fluid was set as a function of the
pressure, and the surface tension was set as a function of
temperature. Water-vapor was set as an ideal gas to consider
compressibility, and the viscosity was set as a constant value
because it only slightly varies with temperature. The density
and viscosity of water-liquid were set as a function of tempera-
ture. Table 1 lists the physical properties of each phase. The
latent heat of evaporation was set as the latent heat of evapo-
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Table 2. Boundary conditions of 2D structure PHP.

Table 3. Numerical simulation setting.

Part Boundary conditions Value ltems Content ltems Content
. 35.77 W, 55.8 W, Model 3D, transient Time step size 0.001s
Evaporator Constant heat input 86.62W. 9711 W
: - Surface | Continuum surface Multiphase VOF explicit,
Adiabatic section Adiabatic Adiabatic tension force (CSF) model Implicit body force
Condenser Constant temperature 25°C Viscous k-epsilon Pressure—yelocny SIMPLE
coupling
‘ Pressurle PRESTO Momentum and Secondl-order
interpolation energy upwind
\fica)lclf(irgre\ Compressive Contact angle 30°
46113 37572 30309 25053 Lo 35
7y == lixperiment (Saha ctal™)
Fig. 2. Cross section of 2D structure PHP mesh under different grid num- 03 X P s
bers. £ sl XN ,
3 N 2
Py N
2 07 . 0 g
50 £ X <
Number of grid Number of grid 7 IR £
" = s g o
B Sl £ iy
wl g osf 10
7
08 04 % - S
0.3 é M 0
30 20 30 40 50 60 70 80 9% 100 110
0.6 Heat input (W)

Thermal resistance (K/W)
Pressure (kPa)

35TTW SSEW ISTIW S5AW
Heat input (W) Heat input (W)

(@) (b)

Fig. 3. Grid independence test: (a) thermal resistance; (b) internal pressure.

ration of water at 30 °C. The initial conditions were at a tem-
perature of 25 °C and a pressure of 4247 Pa. The saturation
temperature of water was 30 °C at 4247 Pa. Table 2 shows the
boundary conditions, and no-slip wall condition is used on all
the walls. The internal flow of a PHP undergoes continuous
changes in operating conditions and exhibits complex flow
patterns. In the study by Vo et al. [1], the internal flow of PHP
was identified as turbulent through experiments, and the k-
epsilon was used for numerical analysis. Similarly, other nu-
merical studies have also used the k-epsilon model [14-16].
Therefore, in this study, the k-epsilon model was employed for
the analysis. Table 3 lists the setup of the Fluent Solver and
the discretization method used for the analysis. The thermal
resistance was obtained for the performance of the heat pipe

by using Eq. (7).

T.-T
R, = EQ < (7
input

where T, denotes the temperature of the evaporator, 7,

C

Fig. 4. Thermal resistance compares experiment and simulation.

denotes the temperature of the condenser, and Q, . denotes
the heating rate. Fig. 4 shows the thermal resistance of the
experiment and the numerical analysis. The error between the
experimental and the numerical analysis was up to 8.5 % and
the average was 3.8 %. It indicates that the experimental and

numerical analytical results are quite similar.

2.3 3D PHP model

Fig. 5 shows the 3D structure PHP model used in this study,
where five heat pipes identical to the verified model above in
Sec. 2.2, were arranged at intervals of 20 mm, with the upper
and lower parts connected by a tube with the same inner di-
ameter. The mesh used in the 3D structure PHP was gener-
ated with the same size, shape, and boundary layers of the
grid as that of the verified model. It consists of 161167 cells
and 477343 nodes. The temperature of the condenser was set
at 25 °C. The analysis was performed by considering two
cases according to the amount of heat applied to the evapora-
tor. In case 1, the analysis was conducted by applying uniform
heating at 40, 60, 80, and 100 W to the entire heat pipe. In
case 2, the analysis was conducted under the condition of
heating the central heat pipe more than the surrounding heat
pipes, assuming a case in which several heating elements
were stacked to increase the heating rate in the center. Table 4
lists the heating conditions for each case. The 3D structure
PHP analysis was conducted using the same solver settings as
the 2D structure PHP analysis, as well as the discretization
method and the physical properties of the working fluid.
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Table 4. Simulation heat input condition.

tems | PHP1 | PHP2 | PHP3 | PHP4 | PHPS5

40 W, 60 W, 80 W, 100 W
apply the same amount of heat input to each PHP

eow | sow [ 100w | sow | eow

Case 1

Case 2

60mm

Fig. 5. Schematic of the 3D structure PHP model.

3. Results and discussion

Fig. 6 shows the respective temperatures of the evaporator
and condenser of the 2D structure PHP over time. Although
the temperature changed significantly depending on the flow
characteristics, the average temperature was maintained at a
constant heating rate. As the heating rate increased, the tem-
perature of the condenser and the evaporating part increased.
The temperature of the evaporator increased up to 90 °C when
heated at 97.11 W. Heat pipes are widely used for the thermal
management of batteries and electronic equipment where the
evaporator of the heat pipe is in direct or indirect contact with
the device to remove heat. Therefore, the temperature of the
equipment is higher than or equal to the temperature of the
evaporator, and such an increase in the temperature of the
evaporator causes malfunction and failure of the equipment.
Therefore, the heat generated in the evaporator must be
quickly transferred to the condensing unit to maintain a low
temperature in the evaporator. In the 3D structure PHP used in
this study, additional flow occurred compared to 2D structure
PHP through the pipes connecting the evaporator and con-

—— Evaporator
—— Condenser

_—

38TTW

Temperature ("Cy

Flow time (s)

Fig. 6. Evaporator and condenser temperature at 2D structure PHP.

Vapor.Volume Fraction

1.00

07t R
s K
035 -

S o X e e .
" ] 5 g s
' ﬂ' .
|
1 i L1

oo
o0
[ =X~

A I T R T T S S,

Fig. 7. 3D structure PHP vapor volume fraction.

denser at the top and bottom, respectively.

Fig. 7 shows the internal volume fraction contour and flow di-
rection vector of the upper and lower connecting pipes during
3D PHP operation. The red and blue colors represent the va-
por and liquid phases, respectively, and the arrows represent
the movement direction of the vapor phase. The heat was uni-
formly applied to each heat pipe. The heat transfer and the flow
characteristics according to the heating rate were analyzed.
Liquid slug/vapor plug flow was the main flow in each heat pipe,
similar to the 2D structure PHP. Unlike in 2D PHP, additional
flow occurred in the upper and lower connecting pipes. As a
result of analyzing the flow direction through the vector, the
flow mainly occurred in the direction from PHP 5 to PHP 1 in
the upper connecting pipe, and from PHP 1 to PHP 5 in the
lower connecting pipe. In other words, the flow circulated as a
whole, and heat is transferred in a three-dimensional direction.

Fig. 8 shows the flow velocity in the axial direction of the
connecting pipe to analyze the three-dimensional flow charac-
teristics according to the heating rate. As confirmed by the axial
flow-direction vector earlier, the flow directions of the evapora-
tor and condenser were opposite to each other. The flow from
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0.06

—0— Evaporator connection tube
—{— Condenser connection tube

0.05 -

0.04 =
Rl \\
-0.02 -

0.03 n L I L

Velocity (m/s)

Heat input (W)

Fig. 8. Axial flow velocity at connection tube.

Temperature ("C)

40 60 80 100

Heat input (W)

Fig. 9. Comparison of evaporator temperature 2D structure PHP and 3D
structure PHP.

PHP 5 to PHP 1 was expressed as a positive number, and the
flow in the opposite direction was expressed as a negative
number. It can be confirmed that an overall circulating flow
occurred and that the velocity in the 3D connecting pipes in-
creased as the heating rate increased in both the evaporator
and the condenser connecting pipes. In other words, the effect
of the three-dimensional connection on the heat transfer in
PHP is increased with an increase in the heating rate.

Fig. 9 shows the evaporator temperature of 2D structure
PHP and 3D structure PHP according to the heating rate. The
3D structure PHP evaporator's temperature represented the
average value of the five PHP evaporator temperatures. Over-
all, the evaporator temperature increased with an increase in
the heating rate, but the temperature change following the
increase in the heating rate from 40 W to 100 W was 21.4 °C
and 26 °C in 3D structure PHP and 2D structure PHP, respec-
tively, and the temperature change was smaller for 3D struc-
ture PHP. With an increase in the heating rate, the amount of
decrease in the evaporator temperature increased, which may
have been due to the effect of the increase in the three-
dimensional internal flow rate as described in Fig. 9. Under 40,
60, 80, and 100 W heating conditions, the temperature in the
3D structure PHP decreased by 2.1, 5, 6, and 6.7 °C, respec-
tively, compared to the temperature in the 2D structure PHP.

0.9
—-A— 2DPHP
i —-m— 3D PHP average
08| N X 3D PHPI
XN x 3D PHP2
= R 3D PHP3
§ . =N - 3D PHP4
2 orf X R x 3D PHPS
ot i
g ~ g
£ ey
8 X g "3(\\
Z L
5 DT
= T bl 0
= i, e
E st X St > ¥iad
g b :
= : T ¥
= % =3
04 X
03 L ' L L
40 60 80 100
Heat input (W)

Fig. 10. Comparison of thermal resistance 2D structure PHP and 3D struc-
ture PHP.

0.9

[ 2D PHP
N 3D PHP

10.4%

|

08 |

07
10.5%

0.6

05

Thermal resistance (K/W)

04 F

03

40 60 80 100

Heat input (W)

Fig. 11. Comparison of thermal resistance of the 2D and 3D PHPs at the
same heat input condition.

Therefore, the 3D structure PHP can maintain a lower evapora-
tor temperature.

Fig. 10 shows the thermal resistance of each loop of 2D struc-
ture PHP and 3D structure PHP according to the heating rate.
The thermal resistance was found to be lower in 3D structure
PHP compared to 2D structure PHP due to the decrease in the
evaporator temperature. The thermal resistance of 3D structure
PHP was calculated similarly to the thermal resistance of 2D
structure PHP. The thermal resistance of each 3D structure
PHP was slightly different depending on the flow direction of the
working fluid in the upper and lower connecting pipes. As shown
in Figs. 6 and 7, the flow moves in one direction in the connect-
ing pipe, and in the connecting pipe to the evaporator, the direc-
tion of flow is from PHP 1 to PHP 5. Therefore, the thermal re-
sistance increases sequentially from PHP 1 to PHP 5. Even in
PHPs 4 and 5, the thermal resistance is highest, but it was
lower than that of the conventional 2D structure PHP. The aver-
age thermal resistance of 3D structure PHP was found to be
reduced compared to that of 2D structure PHP. Fig. 11 shows
the comparison of the average thermal resistance between the
2D and 3D structure PHPs considering the same heating rate.
Similar to the temperature of the evaporator, the decrease in
thermal resistance increased as the heating rate increased, and
the thermal resistance was found to be decreased up to 14.7 %
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Fig. 12. Comparison of thermal resistance and evaporator temperature
between cases 1 and 2.

under the 100 W heating condition.

In case 1, the analysis was conducted considering a uniform
heating condition in each 3D structure PHP. In case 2, the
analysis was conducted considering a non-uniform heating
condition with more heat concentrated in the center as in the
actual system. Fig. 12 shows the thermal resistance of each
PHP under the following heating condition: evaporator tem-
perature at 60 W for PHPs 1 and 5, 80 W for PHPs 2 and 4,
and 100 W for PHP 3. The figure also expresses the results of
case 1 under a uniform heating condition. The thermal resis-
tance and the evaporator temperature in case 2 were ex-
pressed as the average values of PHPs 1 and 5, and PHPs 2
and 4, to which the same amount of heat was applied. Under
the 60 W heating condition of PHPs 1 and 5 in case 2, the
amount of heating was lower than that of the surrounding PHP;
therefore, the heat entered through the connection pipe, in-
creasing the evaporator temperature and thermal resistance.
On the contrary, in case 2, as the heating rate was higher in
PHP 3 under the 100 W heating condition than that of the sur-
rounding PHP, the heat was transferred to the surrounding
PHP through the connection pipe. Furthermore, it was com-
pared with the 100 W heating condition of case 1; the evapora-
tor temperature and thermal resistance were found to be de-
creased. In the three-dimensionally connected structure, the
thermal resistance of the central part and the evaporator tem-
perature could be reduced under the non-uniform heating con-
dition with a large amount of heat concentrated in the center.
Therefore, 3D structure PHP is expected to reduce the thermal
bottleneck in the center of a structure in which heating ele-
ments are stacked similarly to a battery with the three-
dimensional flow and delay dry-out in PHP.

4. Conclusions

This study conducted a numerical analysis of a new 3D struc-
ture PHP model. Prior to this numerical analysis, the numerical
model was verified through the analysis of 2D structure PHP.
The numerical analysis results of the 2D structure PHP were
obtained with an average error of 3.8 % compared to that of the
experimental results. Furthermore, the verified model was used

to analyze the heat transfer characteristics in the 3D structure
PHP. The new 3D structure PHP used in this study was con-
structed by connecting five 2D structure PHPs with an interval of
20 mm in the orthogonal direction of their plane. The heat trans-
fer performance of the 3D structure PHP was compared with
that of the 2D structure PHP, indicating that the thermal resis-
tance and evaporator temperature decreased. The 3D structure
PHP is capable of three-dimensional heat transfer by generating
an additional flow through the upper and lower connecting pipes
of the PHPs. Numerical analysis was carried out in two cases of
uniform and non-uniform heat input conditions.

1) In a uniform heating condition of the PHP, the numerical
analysis was conducted at 40, 60, 80, and 100 W. Compared
to the 2D structure PHP, the evaporator temperature and ther-
mal resistance were reduced through the additional loop in the
3D structure PHP. In addition, an increase in the heating rate
increased the flow inside the 3D structure PHP. The decrease
in the evaporator temperature was up to 6.7 °C, and the ther-
mal resistance of the 3D structure PHP also decreased by up
to 14.7 % compared to that of the 2D structure PHP.

2) In a non-uniform heating condition of the PHP, the nu-
merical analysis was conducted under the conditions that the
heating was concentrated at the center PHP only. Assuming a
thermal bottleneck occurs at the center of a PHP configuration
with stacked heating elements such as batteries, the amount of
heating used here is similar to that in the uniform heating con-
dition. In this case, PHPs 1 and 5 showed an increase in the
evaporator temperature and thermal resistance. However, the
PHP at the center, where the thermal bottleneck hot spot oc-
curred, shows a decrease in the thermal resistance and evapo-
rator temperature compared to the uniform heating conditions
with the same amount of heat applied. Therefore, 3D PHPs
can mitigate the central thermal bottleneck.

Acknowledgments

This study was supported by the National Research Founda-
tion of Korea (NRF) funded by the Korean government (MSIT)
[NRF-2021R111A3047845, NRF-2022R1A4A3023960].

Nomenclature

p : Density

o, : Vapor density

0, : Liquid density

v, : Vapor velocity

v, : Liquid velocity

q, : Vapor volume fraction

q : Liquid volume fraction

m,  :Mass transfer from vapor to liquid

m,  :Mass transfer from liquid to vapor

B. : Evaporation time relaxation coefficient
B, : Condensation time relaxation coefficient
T..  :Saturation temperature

T, : Vapor phase temperature
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T, : Liquid phase temperature
Y : Viscosity

H, : Vapor viscosity

M, : Liquid viscosity

E . Internal energy

F : Body force

g : Gravitational acceleration
K. : Effective thermal conductivity
S, : Energy source term

p : Pressure

R : Gas constant

R, : Thermal resistance

T, : Evaporator temperature
T, : Condenser temperature
Q,,. - Heatflowrate
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