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ABSTRACT

Designing flattened miniature heat pipes (FMHPs) for electronic
devices is challenging due to high heat flux and limited heat
dissipation space. It requires understanding the combined effects of
the sintered-grooved wick structure, double heat sources, and flat
thickness on heat pipes' thermal efficiency. Therefore, this study aims
to numerically investigate the effects of the FMHP with a hybrid wick
on the thermal performance of its double heat sources acting as the
CPU and GPU in notebook PCs. A transient 3D finite volume method
solved the governing equations and assisted boundary conditions. The
cylindrical heat pipe with a 200 mm length and 6 mm outside diameter
is flattened into 2, 2.5, 3, and 4 mm final thicknesses (FT). The results
show that the final critical thicknesses with the lowest thermal
resistance are 2.5 and 3 mm for hybrid and grooved wick structures,
respectively. Therefore, FMHP with hybrid wicks can be flattened
about 8% more. Hybrid wick structures have the best effect on FMHP
thermal performance at FT=2.5 mm.
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Nomenclature T  Temperature (K)
V  Velocity vector (m/s)
2
area (m’) Greek
o Accommodation coefficient
p  Density of liquid (kg/m®)

Thermal conductivity (W/m K) e Porosity of the wick

AR )
Effective thermal conductivity (W/m " Dynamlc viscosity (N s/m?)
Subscripts

a Adiabatic section
c Condenser
e Evaporator

n

A

Ce  Ergun’s coefficient, 0.03
hiy Latent heat (J/kg)
k

kef

f

K)
K Permeability (m?)
L  Length of heat pipe (m)
m"  Mass flux (kg/m?%) eff Effective
P Pressure (Pa) i Interface
t Time () I Liquid
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Introduction

A miniature heat pipe (MHP) is a compact and
efficient device that transfers heat from one point to
another. A sealed cylindrical tube contains a
working fluid, typically a low-boiling-point liquid
such as water or a refrigerant. The heat pipe utilizes
the principles of phase change and capillary action
to transfer heat effectively [1, 2]. The basic
construction of an MHP consists of an outer
cylindrical shell made of a thermally conductive
material, such as copper or aluminum. Inside the
shell, there is a wick structure lining the inner
surface. The wick is usually made of a porous
material like sintered or woven metal mesh. The
wick helps to facilitate the circulation of the working
fluid within the heat pipe. Heat is applied to the wick

at one end of the heat pipe, known as the evaporator
section. This causes the working fluid to vaporize
and form a vapor phase. The vapor moves towards
the cooler end of the heat pipe, known as the
condenser section, where it condenses into a liquid
phase, releasing the absorbed heat. The condensed
liquid then flows back to the evaporator section
through the wick due to capillary action, completing
the cycle [3-5].

The MHP is designed to be compact and suitable for
applications with limited space or where weight is a
concern. They are commonly used in various
electronic devices, including laptops, smartphones,
and other portable electronics, to efficiently transfer
heat away from heat-generating components to heat
sinks or other cooling mechanisms. The small size
of the heat pipe allows for efficient heat transfer over
relatively short distances, making it an ideal solution
for localized cooling requirements. However, it's
important to note that the specific design and
dimensions of an MHP may vary depending on the
application and desired heat transfer characteristics
[1, 2].

Cylindrical heat pipes are usually flattened to
fabricate flattened miniature heat pipes (FMHPs)
due to the fabrication process being very efficient
and low-cost. The wick is the most critical part of
the heat pipe that provides sufficient capillary force
and permeability for the working fluid to circulation.
The performance and efficiency of the heat pipe are
also a function of the wick's effective thermal
conductivity, capillary pressure, and permeability
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coefficient [2]. The homogeneous and hybrid wicks
are the two most common wick structures utilized
within the heat pipes. Each homogeneous wick
structure has different thermal characteristics. For
example, the grooved wick has high permeability
and low capillary pressure, and sintered powder
wick has a low permeability coefficient and higher
capillary pressure [6]. However, providing high
permeability and high capillary force from a
homogenous wick structure is challenging. To
achieve these important features, studying the
hybrid wick structures is essential. The sintered-
grooved wick, a hybrid wick, has been developed to
provide high permeability and capillary pressure [7].
Therefore, using a hybrid wick can improve the
hydraulic efficiency of heat pipes.

Zhou et al. [8] fabricated an ultra-thin flattened heat
pipe (UTFHP) with a thickness of 1.1 mm and a
hybrid spiral-weaved mesh wick structure. The
effect of the hybrid wick structures' layer number
and pore size on the UTFHP’s thermal performance
was experimentally investigated. The results
showed that thermal resistance decreased by 27.53—
42.92%, using the suitable hybrid wicks. Abdizadeh
et al. [9] numerically studied the thermal
performance of thin flat heat pipes (TFHP) with
mesh-grooved (hybrid) and grooved wicks for
different heat inputs. The results indicated that for
heat fluxes of 10, 20, and 30 W, the performance of
TFHP with hybrid wick compared to grooved wick
is improved by 3.59%, 20.38%, and 28.57%,
respectively. It can be found that the hybrid wick
plays an important role in improving the thermal
performance of TFHP. Sudhakar et al. [10] designed
a vapor chamber with a two-layer sintered porous
evaporator wick. The two-layer wick design
provides low thermal resistance and high heat
dissipation. Li et al. [11], Naemsai et al. [12], and
Deng et al. [13] investigated the effect of hybrid
sintered-grooved and mesh-grooved wicks on the
thermal performance of UTHPs.

Most literature studied the thermal characteristics of
FMHPs with a single heat source and heat sink due
to their simplicity. However, FMHP devices with
multiple heat sources have been studied both
experimentally and numerically. The effect of multi-
heat sources on the thermal performance of the heat
pipe with screen wick was studied by Faghri and
Buchko [14]. They reported that the evaporators
near the condenser section had more heat fluxes
without affecting the operation of the farther
evaporators. However, the heat flux capacity of the
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evaporator furthest from the condenser is reduced by
adding more evaporators to the heat pipe. Shabgard
and Faghri [15] developed analytical methods for a
cylindrical heat pipe with multi-heat sources to
predict vapor velocity and wall temperature in a
steady-state condition. Using an analytical model,
Subedi et al. [16] studied the thermal performance
of flat-micro heat pipes with multiple heat sources
and sinks. The effect of thickness, mesh wick
diameter, and fiber separation distance on the
maximum heat transfer rate of the FMHPs were
investigated for capillary and maximum temperature
limits.

Due to the geometrical limitations of the structure,
the heat pipe is flattened to fit the narrow space. In
addition, the contact area between a heat pipe and a
processor chip can be increased with flattened heat
pipes. The effect of flattening on the thermal
characteristics of heat pipe has been investigated by
several researchers [17-19]. It was found that
thermal resistance increases with flattening and final
thickness decreases. The flattening effect on the
thermal performance of axially grooved heat pipe
with a diameter of 6 mm was investigated by Tao et
al. [17]. Their results indicated that the thermal
resistance was enhanced from 0.1 to 0.4 when the
overall thickness reduced from 6 to 2 mm. Intagun
et al. [18] investigated the flattening effect on the
performance of a sintered powder wick heat pipe by
using a 3D finite element model. Their results
showed that the total thermal resistance dropped
from 0.91 to 0.88°C/W when the final thickness
reduced from 4.0 to 2.5 mm. Sangpab et al. [19]
experimentally studied a miniature heat pipe (MHP)
with a sintered wick. Their study examined the
combined effects of flattening and bending on the
thermal performance of MHP. As a result of
flattening and bending together, thermal resistance
increased from 0.88 to 1.56 K/W (6 mm, 0° to 3 mm,
90°). However, these effects depend on the
thickness of the MHP.

Based on the reviewed research, it has been found
that the type of wick structure, multi-heat sources,
and flat thickness affect the heat transfer
characteristics of FMHPs. However, published
literature has been focused on one effect at a time
[3-19]. Designing FMHPs for electronic devices is
challenging due to high heat flux and limited heat
dissipation space. It requires understanding the
combined effects of the hybrid wick, double heat
sources, and flat thickness on heat pipes' thermal
efficiency. In this regard, this work aims to
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numerically investigate the effects of the FMHP
with a hybrid wick on the thermal performance of its
double heat sources acting as the CPU and GPU in
notebook PCs.

Model Description

The heat pipe consists of three main sections:
evaporator, adiabatic, and condenser. As heat is
applied to the evaporator section, the working fluid
in the saturated liquid state is vaporized. The vapor
pressure is increased in the evaporator section, so the
hot vapor flows toward the lower-temperature
condenser section. In the condenser section, the hot
vapor condenses and releases heat. Finally, the
condensation fluid is pumped back into the
evaporator through the wick structure. Figure 1
depicts the schematic for the flattened and
cylindrical heat pipes. The geometric specifications
of the cylindrical heat pipe and other thermal
properties were selected to conform to Naemsai et
al. [12]. The cylindrical heat pipe with a 200 mm
length and 6 mm outside diameter is flattened into 2,
2.5, 3, and 4 mm final thicknesses. In addition, it
includes double heat sources with 15 mm length
each, such as the CPU and GPU. Table 1 contains
more information about geometry. The finite
volume method (FVM) discretizes the presented
model's governing equations into algebraic
equations. The following diagram depicts the
governing equations, boundary conditions, and
numerical simulation.

a) Cylindrical heat pipe.

L =200 mm

(b) Front view.
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Vapor Core

(c) Side view of cylindrical HP
Y

d) Side view of FMHP
Figure 1. Schematic of the cylindrical and FMHP.

Table 1. Detailed dimensions of the 3-D model.

Parameter Value (mm)
Total length L 200
Evaporator length = Le, 15

Le2
Distance from Lg 10
To evaporator 1
Condenser length | L. 70
Outside diameter do 6
Wall thickness thwal 0.26
Wick thickness thwick 0.54
Vapor core thvapor 4.4
thickness
Flattened FT 2,25, 3and
thickness 4

Numerical Model

As shown in Figure 1, the geometric model consists
of three computational domains: wall, grooved-
sintered wick, and vapor core. They are separately
solved and then linked together using boundary
conditions at their interfaces. Fluid flow and heat
transfer are solved using FVM for cylindrical and
flattened miniature heat pipes. The formulation of
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continuity, Navier-Stokes, and energy equations is
based on the following assumptions:

e A transient three-dimensional model is
developed for heat transfer, mass transfer, and fluid
flow.

o The fluid flows of the wick and vapor core are
considered to be incompressible, laminar, and at
saturation conditions.

¢ The hybrid wick and wall region thermo-physical
properties are constant.

o Heat transfer in the wick region is modeled using
an equilibrium model and an extended Brinkman-
Forchheimer Darcy model.

¢ Using the ideal gas state equation, the change in
density in the vapor is calculated.

e As the heat pipe operates horizontally, the effect
of gravity is ignored.

Governing Equations

Transient and conservative forms of the governing
equations are presented. For both the wick and vapor
core, the continuity equation is as follows [19]:

1)

op -
e+ V. (pV) =0

The ‘;—‘;’ describes mass addition and depletion within

the vapor and wick domain, respectively. Note that
the porosity for the vapor domain is € = 1. The
Darcian transport equation calculates the kinetic
energy of fluid within the wick domain. The
unsteady 3D momentum equations in the wick and
vapor domains are written as follows [19]:

a(gtu) + V. (qu) (2)
= —%+ V. (uWvuw) —%u
- %plwu

6((;):) + V. (p\_fv)
=— 6(;;) + V. (uvv) — %v 3)
- el

2O 1 v. (o)

- a(anP) + V. (uVw) 4)

B

K" Ko
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The permeability (K) and Ergun coefficient of the
porous media (Cg) are calculated by Ref.s [20, 21].
In the vapor core, permeability is K =co. The energy
equations for the wall, wick, and vapor core are
written in equations (5) to (7), respectively. The
subscripts s, I, and v denote solid, liquid, and vapor
characteristics, respectively. The wick's effective
thermal conductivity (Kes) is determined by the solid
and liquid conductivity and the type of wick
structure used. Kest is calculated using the correlation
given by Ref.s [22, 23].

For grooved wick: k¢ (8)

kil + ks — (1 —&)(ky — k)
kit ks (1) — k)

For Sintered wick: ks = e.k; + (1 — €)k; 9

Table 2 shows the sintered-grooved wick
expressions.

For a screen wick structure, the porosity and
permeability can be estimated by [30]:

Table 2. Expressions for the sintered-grooved wick in
governing equations.

Parameter  Sintered wick Grooved wick

Ergun Cy = af™ %5715, a0 =1.75,8 = 150

coefficient of  [20,21]

the wick

Permeability K, = Kgw =
ﬂ[m] Dpp’e 25
150(1-2)2 m[ ]

Boundary conditions

This section describes the boundary conditions for
the computational domain.

1.Wick-wall interface: The no-slip boundary
condition and the energy balance at the interface are
being used as follows:

V] = O (10)

aT

=l .
onlyan Kerr onliyick

2. Wick-vapor interface: It is assumed that the phase
change from liquid to vapor occurs at the wick-
vapor interface. The interface temperature Ti is
obtained from the energy balance at the interface.
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a3 g

wick

= —kyA; |5

+ mihfg

The pressure at the interface P; is calculated based
on the Clausius-Clapeyron equation, with Po and To
being reference values:

R P; 1 1 (13)
Ty L-1
heg \Py) T, T;

Based on the kinetic energy theory [26], the mass
flux at the wick-vapor interface is calculated as
follows:

R (14)

DT T

The accommodation coefficient o is set to 0.03 in
this study [26, 27].

3.Hybrid wick interface: The following energy
balance is applied at the grooved-sintered wick
interface.

r'n{(

2—0

oT

ko 5]

err on grooved
aT

= kerr |5

(15)

]sintered

4. Evaporator and condenser sections: The boundary
conditions for evaporation and condensation
sections are listed below.

aT Q. (16)
Evaperators: — k Foi A_e
aT +
Condenser: —k— = M (17
on A,

5. Adiabatic section and lateral wall: In the lateral
wall and adiabatic section, velocity components, and
temperature gradients are zero, based on the
insulation and non-slip conditions applied as
follows:

o .

Moreover, the initial conditions are imposed as
follows:
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T = Too'Pop(t =0) = Psgt (Too) (19)

6. Calculation of operating pressure in vapor
core:The Pop is a function of time and is computed
from the overall mass balance at the wick—vapor
interface as follows [28]:

_ M1(;) + At(Zwick—vaper —-m,) (20)
op 1 Veell
R (Zvaper—calls ;-: )

Numerical procedure

The material of the wall and wick is copper, and the
working fluid is water. The hybrid wick (sintered-
grooved) was developed using a combination of
spherical copper powders with a mean diameter of
220 um and 55 pum axial grooves on the inside radius
of the copper container [12]. The thermophysical
properties of the wall, wick, and vapor core are
presented in Table 3.

Table 3. Detailed thermophysical properties of domains.
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A 3D fully-implicit FVM is used to solve the
governing equations and assisted boundary
conditions in transient form. The diffusion and
convective terms are discretized based on central
difference and second-order upwind methods. The
semi-implicit method is used the pressure and
velocity coupling for the pressure-linked equations
(SIMPLE) algorithm. An iterative algorithm
guessed an initial pressure, then momentum
equations were solved. Afterward, a pressure
equation for pressure correction was utilized to
satisfy the continuity equation. Iterations are
completed when all scaled residuals become less
than 107, It is noted that the analysis was carried
out on a computer with Intel® Xenon® CPU E5-
2699 v3@ 2.3GHz and 32 GB RAM.

Grid independence study

In this section, the mesh dependence study was
performed using five different grids to eliminate the
effect of mesh resolutions on the computational
results. The thermal resistances, evaporator
temperature, and condenser temperature for various
grids are compared in Table 4. As observed, the
results for the number of cells 1.4 x 10° and
9.38 x 10° are almost the same value. Considering
the grid with 6.25x10 to the fifth cells and 9.38x10
to the fifth cells, the thermal resistances, evaporator
and condenser temperatures slightly change
approximately 0.5%. Thus, the grid with 625,000
cells is selected for this study. Figure 2 illustrates the
generated O-type structured grid (tetrahedral mesh)
for the 3D computational domain.

Table 4. Grid independency.

Domain Parameter Value Unit
Thermal 387.6 W/m.K
Wall conductivity
Density 8978 Kg/m?®
Specific heat 381 J/kg.K
Effective 6.81 Wim.K
thermal
conductivity of
Wick sintered wick
Effective 2.15 W/m.K
thermal
conductivity of
grooved wick
Porosity 0.55 -
Permeability 1.23*10° | m?
of sintered
wick
Permeability 3.98*10° | m?
of grooved
wick
Specific heat 4200 J/kg.K
Thermal 0.0189 W/m.K
Vapor conductivity
Viscosity 8.4*10° N.s/m?3
Specific heat 1861 J/kg.K
Phase Latent heat 2.473*10% | J/kg
change
Evaporator | Heat load 0:40 W

Number T.(°C) | T.(°C) | Thermal Error
of cells resistances | (%)
2.78 67.24 | 5141 | 0.395 9.7
x 10°
4.17 70.67 54.13 | 0.413 5.6
x 105
6.25 7235 | 549 0.436 0.5
x 10°
9.38 725 55.01 | 0.4375 0
x 10°
1.4 7251 | 55.01 | 0.4375 0
x 108
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Figure 2. Computational grids for cylindrical and
flattened miniature heat pipe.

Solver Validation

The results were compared to the experimental
data provided by Zeghari et al. [29] to validate the
numerical simulation presented in this paper. Table
5 shows the numerical data required for model
implementation. The wall temperature distribution
is compared in Figure 3 between the experimental
results and the current numerical study. The results
are consistent with the experimental data reported in
Ref. [29]. The maximum temperature difference
between the present work and Ref. [29] equals
1.6°C. In addition, Table 6 provides the thermal
resistance obtained from the experimental results of
Zeghari et al. compared to the results obtained from
the presented numerical simulation in three different
heat loads. The thermal resistances are accurately
predicted with a maximum deviation of 6.97% from
the experimental results.

Table 5. Parameters of the model implementation [29].

Parameter Value Unit
Working fluid N-pentane -
Wall and wick material Copper -
Heat input 7 W
Total length 225 mm
Evaporator length 30 mm
Condenser length 95 mm
Adiabatic length 100 mm
Outside diameter 45 mm
Wick structure Sintered -
Porosity 0.35 -
permeability 1.93 x m?
10710
effective thermal 1.47 W/m.K
conductivity
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50

- ——&— Zeghari et al. [29]
———— Present Work

40

30

T\-‘Vﬁll (“ C)

20

10

obii i i 0
0.05 0.1 0.15 0.2

X (m)
Figure 3. Comparison of experimental wall temperature
with present numerical simulation.

Table 6. Comparison of experimental thermal resistance
with present numerical simulation.

Heat Thermal resistance (K/W) | Error (%)
input Zeghari et Present

(W) al. [29] work

5 5.45 5.07 6.97

7 4.73 4.45 5.9

12 4.22 4.01 5

Results and Discussion

The combined effects of flattening, grooved-sintered
wick, and double heat source are studied on heat
transfer performance FMHP. The velocity, vapor
pressure, temperature, and thermal resistance
parameters are presented for various input heat loads.
The evaporators closest to the condenser section is
carried greater heat loads without affecting the
performance of the evaporators farther away. Adding
additional heat to evaporators further away from the
condenser, on the other hand, may reduce the heat
pipe's maximum heat transfer limit [14]. Therefore,
the present work applies more heat load to the
evaporator near the condenser. The applied total heat
load to evaporators 1 and 2 is 40 W (evaporator 1:
evaporator 2; 0:40, 10:30, and 20:20 W).

Effect of double heat source and flatting in
sintered-grooved wick

The distribution of wvapor velocity and vapor
pressure along the axial length of FMHP for various
flattened thicknesses and heat inputs are illustrated
in Figures 4 and 5, respectively. The vapor velocity
increases with a decrease in the final thickness, and
the vapor core becomes thinner at the same heat
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loads. For instance, in a heat load of 0:40 W, as the
final thickness decreases from 6 to 2.5 mm, the
maximum value of vapor velocity gradually
increases from 13.39 to 34.57 m/s. Still, when the
final thickness reduces from 2.5 to 2 mm, the
maximum value of vapor velocity sharply increases
about two times (Figure 4). A similar trend is
observed for the results of vapor pressure. As shown
in Figure 5, the vapor pressure difference increases
significantly due to the narrow vapor core when the
final thickness reduces from 2.5 to 2 mm.

100

—¢+— FT=2mm
—~A—— FT=25m
—— FT=3mm
—=o—— FT=4mm
—0— Cylindrical

80

40

Yy apor (m/s)

20

5‘ — 0?1 — 0.1
Axial length (m)
(a) Heat input 0:40 W.

—— FT=2mm
—4—— FT=25mm|
—— FT=3mm
—=&—— FT=4mm
———0—— Cylindrical

100

80 -

Vyapor (MFS)

40

20

B BCE R XT: 0.2
Axial length (m)

(b) Heat input 10:30 W.

—<+— FT=2mm
=l FT =2.5 mm|
—— FT=3mm
—— FT=4mm
—0— Cylindrical

100

80

V\/apor (m/s)

40

20

5 0.1 0.15
Axial length (m)

(c) Heat input 20:20 W.
Figure 4. Vapor velocity at the center of the vapor core.
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o L
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f——D—
208
0 0.05 0.1 0.15 0.2
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—D—— FT=25m|
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r
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(b) Heat input 10:30 W.

—<¢+— FT=2mm
—LA—— FT=2.5mm|
FT=3mm
FT=4mm
Cylindrical

28

26

24

Pyapor (KP2)

22

20

0 0.05 0.1 0.15 0.2
Axial length (m)

(c) Heat input 20:20 W.
Figure 5. Vapor pressure at the center of the vapor core.

Figure 6 illustrates the wall temperature distribution
of FMHP with FT= 4.0 and 2.5 mm in different heat
inputs. The temperature is higher during the
evaporator sections because they are set on a heating
source. Then, it decreases during the adiabatic zone
and remains constant until the condenser section,
where heat is removed from the ambiance through
forced convection, resulting in significant
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temperature drops. By decreasing FT from 4 to 2.5
mm, wall temperatures are dropped by about 5%
because the contact surface increases by 12%. Also,
the maximum value of wall temperature in heat
loads of 0:40, 10:30, and 20:20 W decreased by 4.4,
3.99, and 3.45%, respectively. On the other hand,
the contacted surface of FMHP with FT=2 mm was
larger, but the pressure drop sharply increased due
to the narrower vapor core. Thus, the maximum
value of the wall temperature for FMHP with FT=2
mm equals 96°C. However, with temperatures
below 100 ° C, the CPU, and GPU perform
efficiently [1]. As a result, the wall temperature
difference grew dramatically if the final thickness
surpassed the specific value. It is noted that the
particular value in this research is 2.5 mm.

360

—_— W
[ —_— 1030 W
355 F —_—— 2020W

350 F

345 F

T\Ylﬂl (K)

30 f

D..Di Dll D.lli 0.2
Axial length (m)

(a) Final thickness of 4 mm.

355

F —a— 0:40W
—a— 10:30 W
—O0— 20:220W

TWaII (K)

325 L L L L L I L L L L

0 0.05 o om0z
Axial length (m)

(b) Final thickness of 2.5 mm.

Figure 6. Wall temperature distribution of FMHP.
Thermal resistance is used to assess the efficiency of
the cooling device. As demonstrated in Eg. (21),
thermal resistance is defined as the difference
between the temperature of the condenser and
evaporator sections divided by the heat loads.
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o _ LT, (21)
t Qel + Qez

It was reported that the heat pipe with lower thermal
resistance efficiently transfers heat [2]. Figure 7
illustrates the effect of different final thicknesses on
the thermal resistance of heat pipes at various heat
loads. The results indicated that as FT decreases
from 4 to 2.5 mm, Ry is reduced from 0.525 to 0.437
K/W due to enhancement in the contacted surface,
leading to the reduction in heat flux at evaporators 1
and 2. If FMHP is flattened to 2 mm, the Ry is
enhanced to 0.6 K/W, decreasing thermal
performance. The final critical thickness with the
lowest thermal resistance is 2.5 mm. As shown in
Fig. 7, the thermal resistance value is approximately
the same for different heat loads at FT= 2.5 mm.

0.65
- —a— 0:40W
—aA—— 10:30 W
i ——O0— 20:20W
0.6 -
g 0.55 [~
=3
o osh
0.45 [~
0'41.5 2 25 3 35 4 45

Flattened thickness (mm)
Figure 7. The thermal resistance of heat pipe versus
different final thicknesses.

Effect of the type of wick structure on the
thermal performance of FMHP

The thermal resistances of FMHPs with hybrid
(sintered-grooved) and grooved wick structures are
depicted in Figure 8 for different heat inputs. The
final critical thicknesses with the lowest thermal
resistance are 2.5 and 3 mm for hybrid and grooved
wick structures, respectively. Therefore, FMHP
with hybrid wicks can be flattened about 8% more.
For FT<3 mm, by increasing the heat load of the
evaporator farther away from the condenser section,
the thermal resistance of the FMHP with grooved
wick decreases. But, for FT>=3, the thermal
performance of FMHP with the grooved wick
increases if more heat load is applied at the
evaporator closer to the condenser section. It can
also be found that the variations of thermal
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resistance in different heat loads are not noticeable
for the hybrid wick.

For heat input of 20:20 and 0:40 W, the performance
of the FMHP with grooved wick compared to hybrid
wick at FT= 2 and 4 mm is improved by 1.3% and
2.85%, respectively. In other cases, the thermal
performance of FMHP with the hybrid wick is
better. As observed in Figure 8, the most excellent
effect of the hybrid wick structure on the thermal
performance of FMHP is related to FT=2.5 mm. For
heat loads of 0:40, 10:30, and 20:20 W at
FT=2.5mm, the thermal performance of FMHP is
improved by 23%, 16.75%, and 13.5%, respectively.
Thus, the thermal performance improvement of
FMHP with the hybrid wick is more significant.

0.7

—&—— Hybtid wick , 0:40 W
——&—— Hybtid wick , 10:30 W
- ——e—— Hybtid wick , 20:20 W
0.65 [ - -0~ = Grooved wick , 0:40 W
= =A=- = Grooved wick , 10:30 W
= =0= = Grooved wick , 20:20 W

06

T By A
Flattened thickness (mm)

Figure 8. Effect of wick structures on the thermal
resistances of FMHP

Conclusions

A transient 3D FVM solved the governing equations
and assisted boundary conditions. The combined
effects of the hybrid wick, multi heat sources, and
flat thickness on the thermal performance of FMHP
were investigated. The following findings are listed
from the present study:

o The vapor velocity increases with a decrease in the
final thickness, and the vapor core becomes thinner
at the same heat loads. A similar trend is observed
for the results of vapor pressure.

o The wall temperature difference grew dramatically
if the final thickness surpassed 2.5 mm.

e As FT decreases from 4 to 2.5 mm, Rth is reduced
from 0.525 to 0.437 K/W, and for FT=2mm
increases Rth t0 0.6 K/W.

e The final critical thicknesses with the lowest
thermal resistance are 2.5 and 3 mm for hybrid and
grooved wick structures, respectively. Therefore,

G.R.Abdizadeh, S. Noori, M. Saeedi, H. Tajik

FMHP with hybrid wicks can be flattened about 8%
more.

e For FT<3 mm, by increasing the heat load of the
evaporator farther away from the condenser
section, the thermal resistance of the FMHP with
grooved wick decreases.

e For FT=3 mm, the thermal performance of FMHP
with the grooved wick increases if more heat load
is applied at the evaporator closer to the condenser
section.

e For heat input of 20:20 and 0:40 W, the
performance of the FMHP with grooved wick
compared to hybrid wick at FT= 2 and 4 mm is
improved by 1.3% and 2.85%, respectively. In
other cases, the thermal performance of FMHP
with the hybrid wick is better.

e Hybrid wick structures have the best effect on
FMHP thermal performance at FT=2.5 mm.
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