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A novel integrated flat heat pipe (IFHP) was constructed, which consists of an evaporator and a condenser
with multiple channels fabricated in the fin heat sink. A layer of compressed copper foam was sintered on
the inner surface of the evaporator bottom plate, and many copper foam bars were inserted into the
channels, both of which formed a porous network wick. Experiments were performed under three incli-
nation angles (0 = 0°, 90°, and 180°), using acetone as the working fluid. Air and water cooling methods
were used to cool the fin heat sink. Compared with the conventional flat heat pipe (CFHP), the IFHP pre-
sents good fin temperature uniformity and heat performance; it eliminates the contact thermal resistance
between the heat pipe and the heat sink, expands the condensation area of the heat pipe, and reduces the
temperature difference between the fin base and the fin end. When the heat flux reached 161.1 W/cm?,
the fin efficiency increased to 93% and the temperature at the center of the evaporator bottom surface
was merely 68.7 °C. For the IFHP, the optimal filling ratio and inclination angle are 30% and 0 = 0°, respec-
tively, for which the best heat performance was achieved, and the minimum total thermal resistance was
0.33 K/W. In the case of water cooling, the heat flux could reach up to 350 W/cm?. The results indicate
that the IFHP with copper foam as a porous network wick presents excellent heat performance, and is
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thus suitable for heat dissipation in high-heat-flux electronic devices.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The thermal management of optoelectronic chips, such as the
heat dissipation in high-power lasers, light-emitting diodes (LEDs),
high-performance microprocessors, and infrared detector arrays,
has become a sought-after research topic over the past few dec-
ades. Flat heat pipes, as two-phase heat transfer devices, offer a
very promising solution. They hold the advantages of low heat
transfer temperature difference, high heat transfer performance,
small size, and excellent temperature uniformity [1-6].

Capillary wicks are core components that determine the heat
performance of flat heat pipes through providing an extensive area
with a thin evaporative film and pumping the working fluid from
the condenser to the evaporator. Thus, numerous researchers have
proposed various kinds of wicks to study the heat performance of
flat heat pipes. According to the capillary wicks, the heat pipes are
mainly classified into three types: (1) Groove wick heat pipes: Ben-
son et al. [7] proposed silicon heat spreaders with wicks that were
machined by using a dicing saw or the deep plasma etch process.
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The effective conductivity was more than five times that of silicon
for a heat flux up to 15 W/cm?. Hopkins et al. [8] investigated three
kinds of axial-channel flat heat pipes, with a vapor channel cross-
sectional area of approximately 1.5 x 12 mm? and rectangular
grooves that were 0.20 mm wide by 0.42 mm deep. They found
that the thermal resistance is a function of the evaporation and
condensation area. The maximum heat flux on the evaporator wall
exceeded 90 W/cm? in the horizontal orientation and 150 W/cm?
in the vertical orientation. Using wires to fabricate grooves is a
low-cost and simple method for mini heat pipes. A typical cop-
per/water wire-plate mini heat pipe was investigated by Launay
et al. [9], and the experimental results showed that its effective
thermal conductivity was improved by a factor of 1.3 compared
with that of the empty mini heat pipe array. Wang and Peterson
[10] developed and designed a flat plate heat pipe by welding a
sandwich of two flat plates with an array of parallel wires. They
found that the maximum heat transport capacity increased with
the increase in wire diameter and is proportional to the square of
the wire diameter. An optimum design parameters existed at
which the heat transports capacity reaches a maximum value.
The optimum distance between two wires is approximately 2.5
times the wire diameter. Recently, Paiva and Mantelli [11]
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Nomenclature

Aneat heater area, m?

Aeva evaporation area, m?

CFHP conventional flat heat pipe

de effective pore diameter of the wick, m
h heat transfer coefficient, W/(m? K)
IFHP integrated flat heat pipe

k thermal conductivity, W/(m K)

L¢ fin height, m

L, cross section perimeter of the fin, m
m vapor mass flow rate, kg/s

ppi number of pores per inch

Ap capillary pressure, Pa

q heat flux, W/cm?

Q heating power, W

R thermal resistance, K/W

r cylindrical coordinate, m

T latent heat of evaporation, kJ/kg

T temperature, °C

dT/dx temperature gradient

z axial coordinate, m

Greek symbols

wetting angle, °

relative temperature uniformity coefficient
wick thickness, m

porosity

fin efficiency

= o v KR

) filling ratio

u viscosity coefficient, kg/(m s)
0 inclination angle, °©

0 density, kg/m>

o surface tension, N/m
Subscripts

air air

ave average

c center

e,sur evaporator bottom surface
e evaporator

ec evaporator bottom center
f fin

fb fin base

h heat pipe

ij,1-17 temperature measuring points
I liquid

min minimum

max maximum

sat saturation state

sur surface

t total

v vapor

water  water

performed a theoretical thermal study on a wire-plate mini heat
pipe. They developed a thermal model to predict the temperature
distribution over the heat pipe surface and carried out some exper-
iments to verify it. The results showed the developed thermal
model was precise and that it could be used for the design of
wire-plate mini heat pipes with high thermal performance. (2)
Mesh wick heat pipes: Wang and Peterson [12] used sintered cop-
per screen meshes as the primary wicking structure, in conjunction
with a series of parallel wires, which formed liquid arteries. They
found that the maximum heat transfer capability of heat pipes
was affected by the mesh number, the wire diameter, the number
of layers, the tilt angle, and the sintering process. For the plate heat
pipe with six layers of 150 mesh screens, the heat flux could reach
up to 19.1 W/cm?. Liou et al. [13] visualized the evaporation char-
acteristics in the evaporator of the heat pipe with different combi-
nations of 100 and 200 mesh screens, and the wick thickness
ranged from 0.26 mm to 0.8 mm. At various water charges, the
evaporation resistances were measured and the evaporation
behavior was visualized for heat fluxes of 16-100 W/cm?. Quies-
cent surface evaporation without nucleate boiling was observed
for all test conditions. With the increase in the heat flux, the water
film receded and the evaporation resistance was reduced. The min-
imum evaporation resistance was found when a thin water film
was sustained in the bottom mesh layer. (3) Sintered powder wick
heat pipes: Xuan et al. [14] used sintered copper powder as a wick,
and studied the performance and the mechanism of a flat heat
pipe, finding that the porous sintered layer on the heated surface
can enhance the evaporation process and the heat performance
of the flat heat pipe. Such a technique ensured the proper operation
of the heat pipe at a high heat flux in arbitrary orientation. Wong
et al. [15] measured the evaporation resistances of loosely-
sintered copper-powder evaporators in operating flat plate heat
pipes. Uniform heating of 16-170 W/cm? was applied to the base

plate near a pipe end with a heated surface of 1.1 x 1.1 cm?. The
minimum evaporation resistance was approximately 0.08-
0.09 W cm?/K for wicks containing fine powders.

In addition to the above types of heat pipes, Cai and Chen [16]
designed and tested a heat pipe with carbon nanotubes as the
wick. Owing to the high thermal conductivity of carbon nanotubes,
the thermal conductivity of the heat pipe was improved signifi-
cantly. To solve the conflict between vapor release and liquid suc-
tion, Chen et al. [17] investigated a miniature heat pipe with a bi-
porous wick made of nickel powder. Tests demonstrated that the
heat pipe could start at a heat load as low as 2.5 W. The maximum
heat flux reached 12.8 W/cm? at the allowable evaporator temper-
ature, which was below 60 °C. Huang and Franchi [18] concluded
that the heat pipes with hybrid wick structures in various configu-
rations could be four times higher in terms of effective thermal
conductivity than those with only monolithic wick materials such
as copper mesh. Sun and Qiu [19] proposed an asymmetric vapor
chamber with micro/nanostructure. This kind of micro/nanostruc-
ture evaporator surface did not only improve the capillary capabil-
ity of wick, but also provided more nucleation sites and expanded
the heat transfer area. Therefore, the heat performance of the vapor
chamber was improved.

Recently, the manufacturing technology of ultra-light porous
metal foam has gradually matured. Being a novel multi-
functional material, copper foam has high porosity, high thermal
conductivity, and a large surface area, thus presenting high perfor-
mance in the field of heat transfer [20]. Moreover, the use of metal
foam for the wick is a simple and low-cost solution. Shirazy and
Fréchette [21] studied the heat transfer limit of a flat heat pipe
using metal foam as the wick. The results showed that a 60 ppi
(number of pores per inch) has a higher boiling limit, approxi-
mately five times higher than that of the sintered metal powder
wick. Ji et al. [22] designed a vapor chamber based on the copper
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foam wick and found that the maximum heating power could
reach 170 W, corresponding to a heat flux of 216 W/cm? without
reaching capillary or boiling limits.

However, for the majority of heat pipe spreaders, the heat pipe
and the heat sink are two separate devices that are assembled
together to complete the heat dissipation process. Although ther-
mal grease is used to ensure tight contact between the heat pipe
and the heat sink, high contact thermal resistance is still present,
which does not enable good heat dissipation. Moreover, a signifi-
cant temperature difference exists between the fin base and the
fin end, indicating that the fin efficiency is low. The high contact
thermal resistance could be eliminated if the heat pipe and the
heat sink became integrated; thus, fin efficiency could be greatly
improved if the temperature difference between the fin base and
the fin end was reduced. Based on the above reasons, there is a
plethora of studies in the literatures dealing with the modeling
and the optimization of heat sinks, which involved two types; that
is conventional heat sink, such as in the work of Muzychka et al.
[23], and the vapor chamber heat sink, such as in the work of
Mochizuki et al. [24]. Recently Mantelli et al. [25] presented a
new vapor chamber heat sink with maximum fin efficiency. The
fins were hollow; therefore the vapor generated at the base can
reach the top. As a result, the heat sink can be considered isother-
mal. The overall thermal resistance of the prototype was reduced
by 20% compared with that of the conventional fin heat sinks with
the same mass and volume. Furthermore, a theoretical model for
the heat sink thermal resistance was developed, and the agreement
between the model and the experimental data was fair.

In this study, we fabricated a novel IFHP with compressed cop-
per foam as the porous network wick, which successfully solved
the contact thermal resistance problem between the heat pipe
and the fin heat sink. A layer of ultra-light porous copper foam
was compressed and sintered on the inner surface of the evapora-
tor as the capillary wick. Several channels were created in the fin
heat sink, in which copper foam bars were inserted. Such a design
did not only expand the condensation area, but also reduced the
temperature difference between the fin base and the fin end, which
greatly enhanced the heat performance of the IFHP.

2. Integrated flat heat pipe

Fig. 1 illustrates a schematic representation of the IFHP. It con-
sists of a fin heat sink, copper foam bars, a sealing piece, a metal
foam layer, a copper substrate (as the evaporator bottom plate),
and a filling tube (Fig. 1(a). The fin heat sink was made from an alu-
minum cylinder, with 69 circular channels (holes) in it. At the bot-
tom of the heat sink, there is a circular-straight groove network
(Fig. 1(b)). Four straight channels cross at the center. The groove
network can be used as a supporting structure and to connect all
the channels, functioning as flow path that enables the distribution
of vapor everywhere inside the heat pipe. A porous copper foam
layer was sintered on the bottom copper plate as the evaporator
wick (Fig. 1(c)). It has a thickness of 1.0 mm, which was com-
pressed from a piece of copper foam of a 2.0 mm thickness. The
copper plate has a thickness of 1.0 mm. To pump the liquid from
the condenser to the evaporator, a copper foam bar was inserted
into each of channels (holes), which made direct contact with the
copper foam layer wick on the inner surface of the evaporator bot-
tom plate. In order to achieve a vacuum environment and the need
to inject the working liquid, a filling tube was connected to the
evaporator.

Currently, electronic devices are designed to be both light
weight and small. Therefore, in the present experiments, alu-
minum was used for the manufacturing of the heat pipe. Although
the water has a high surface tension and a high latent heat of
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Fig. 1. Schematic representation of integrated flat heat pipe: (a) parts of the IFHP (1.
heat sink; 2. copper foam bars; 3. sealing piece; 4. metal foam layer; 5. copper
substrate; 6. filling tube); (b) bottom structure of fin heat sink; (c) copper foam
layer wick sintered on the evaporator bottom plate.

vaporization in the given operating temperature range, the reac-
tion of water/aluminum will generate hydrogen and other non-
condensable gases, resulting in either high thermal resistance or
complete malfunction of the heat pipe. Considering the compatibil-
ity of acetone/aluminum [26], acetone was used as the working
fluid. The physical properties of acetone at the atmospheric pres-
sure are listed in Table 1.

Fig. 2 presents the images obtained through scanning electron
microscopy (SEM) of the copper foam used as the porous network
wick. The SEM images show that the copper foam has a three-
dimensional network structure, with random stochastic topology,
where the metal skeleton branches overlap each other to
form numerous interconnected cells; each cell has three to six
holes of different shapes and sizes (diameter of ~0.5 mm) (Fig. 2
(a) and (c)). The high-porosity metal foam materials are purchased
from Shanghai Abici Material Technology Co., Ltd., with a porosity
of 0.95 and a ppi of 90. At present, the technology of preparing such
high-porosity copper foam is mature, and it is achieved using elec-
trochemical deposition [27]. In order to solve the problem of high
porosity affecting the capillary force of the wick, the metal foam
was compressed. Its porosity was reduced from 0.95 to 0.48. As
seen from the compression direction, the aperture did not change
and remained considerable in size (Fig. 2(b)), which is beneficial
to the vapor release. As seen from a perspective perpendicular to
the compression direction, the aperture has been greatly reduced
(Fig. 2(d)) (diameter of ~0.08 mm). Hence, in the present work,
we used compressed copper foam with a porosity of 0.48 instead
of uncompressed copper foam of high porosity (i.e., 0.95), because
the compressed copper foam can improve the capillary force of the
wick. Hansen and Naess [28] used the compression method to
obtain the desired capillary force for a nickel wick structure. Zhang
et al. [29] experimentally verified that the compressed metal foam
has multi-scale pores, resulting in the ability to pump a significant
amount of liquid to a longer distance than a monoporous wick. In
order to verify whether the porosity value of 0.95 or 0.48 is consid-
ered for the present work, we also performed a simple liquid
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Table 1

Physical properties of acetone at the atmospheric pressure.
Tsat (°C) i (kg/m?) T (KJ/kg) o (N/m) i (Pas) ki (W/mK)
56.29 761.18 512.94 0.0192 0.000237 0.518

Where T, is the saturation temperature, p; is the liquid density, r;, is the latent heat of evaporation, ¢ is the surface tension, g is the liquid viscosity, and k; is the thermal

conductivity of liquid.

Fig. 2. SEM images of copper foam: (a) as seen from the compression direction before compression, (b) as seen from the compression direction after compression, (c) as seen
from the perpendicular to the compression direction before compression, (d) as seen from the perpendicular to the compression direction after compression.
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Fig. 3. Liquid climbing height and liquid absorption mass versus the porosity of the
metal foam.

climbing experiment. Several samples with different porosity,
which were made of uncompressed foam with different compres-
sion ratios, were tested. The climbing height and the liquid mass
were recorded during a period of one minute (Fig. 3). The results

show that the smaller the porosity, the higher the climbing height
of the liquid. However, the metal foam with a porosity of 0.4-0.6
has a higher value than others for the amount of liquid absorption.
When the porosity is high, both the climbing height and the
amount of liquid absorption receive lower values. Furthermore,
the heat pipe does not only need a significant capillary force for
the liquid circulation, but also a great amount of liquid to meet
the requirements of the phase-change heat transfer. Thus, based
on the balance between the capillary force and the amount of lig-
uid absorption, for the present work, the compressed metal foam
with porosity value of 0.48, and not 0.95, was considered as the
wicks. A systematic discussion of metal foams, used as wicks with
and without compression, can be found in the literature [30].

The working principle of IFHP is significantly different from that
of CFHP, as shown in Fig. 4. In the CFHP, the heat pipe and the heat
sink are assembled together to enable heat dissipation (Fig. 4(a)).
The temperature is uniform on the top surface of the flat heat pipe,
however, it gradually decreased along the fins of heat sink; thus, a
considerable temperature difference exists between the fin base
and the fin end. Besides, the wicks of most CFHPs are distributed
along the inner wall of the flat heat pipe, which increases the flow
distance, the flow time, and the circulation resistance of the liquid.
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Fig. 4. Working principle of

However, in the IFHP (Fig. 4(b)), the heat pipe and the heat sink are
integrated. When heated, the working fluid in the evaporator
absorbs heat and transforms into vapor. Then, the vapor is freely
distributed in the evaporation chamber and in the channels within
the fins. Finally, the vapor is condensed and transformed into lig-
uid. Owing to the capillary force, the liquid is sucked into the cop-
per foam bars, and then flows into the evaporator wick, thus
realizing the circulation of the working liquid. Therefore, each
channel, in which a copper foam bar has been inserted, is similar
to a miniature heat pipe after being coupled with other compo-
nents. This means that there are several similar miniature heat
pipes in the fin heat sink for the purpose of dissipating heat. By
comparison, the IFHP has several advantages: (1) There is no con-
tact thermal resistance between the heat pipe and the heat sink,
which greatly contributes to the decrease in the thermal resistance
of the whole heat spreader, particularly for the high heat-flux con-
dition; (2) There is a small temperature difference between the fin
base and the fin end; the fin efficiency has greatly improved along
the fin height direction; (3) A larger condensation area is achieved
by constructing channels within the fin heat sink; (4) The liquid
flow path is shortened and the flow sectional area is increased
for liquid returning to the phase-change heat transfer region;
therefore, the liquid flow resistance is considerably lower than that
of the conventional design, and the anti-dryout capability of the
heat pipe was enhanced.

the CFHP and the IFHP.

3. Experimental methods
3.1. Experimental setup

The experimental setup is shown in Fig. 5a. It mainly consists of
a cooling system, a test section, a heating part, a data acquisition
system, and a power supply unit. There are two types of cooling
methods: air cooling and water cooling. For air cooling, a fan of
5 W was positioned on the top of the IFHP to cool the fin heat sink.
Ambient temperature was approximately 25-27 °C. To study the
effects of inclination angles on the heat performance, the test sec-
tion was placed on a rotating plat form, and the inclination angles
could accurately be adjusted. A copper block was used to heat the
test section. A circular heating surface with a diameter of 10.0 mm
was placed on the top end of the copper block, with a heating area
of 0.785 cm?. In the upper part of the copper block, there are three
holes with a diameter of 1.0 mm, in which three K-type thermo-
couples (T;5-T17) were inserted to measure the center temperature
of the heating surface. At the bottom part of the copper block, there
are five holes with a diameter of 8.0 mm, in which five 100.0 W
cartridge heaters were inserted, providing heating power to the
copper block. The five cartridge heaters were driven via a power
supply unit consisting of a voltage stabilizer, an AC voltage trans-
former, and a power meter. By adjusting the voltage transformer,
a stable voltage output could be obtained in the range of 0-
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Fig. 5. Experimental setup: (a) configuration of test system, (b) section structure of IFHP and the distribution of temperature measuring points, (c) IFHP under the water

cooling condition.

220V, resulting in an adjustable heating power from 0 to 450.0 W.
To reduce the contact resistance, the IFHP was welded on the hea-
ter surface using tin as a solder. A data acquisition system was used
to record the temperature data and transfer them to the computer.
To reduce the heat loss, heat insulating materials were used
around the heating part.

Fig. 5(b) shows the section structure of the IFHP and the distri-
bution of the temperature measuring points. The diameter and
height of the whole IFHP are 100.0 mm and 48.0 mm, respectively.
Except for two fins on both sides, each fin has a thickness of
7.0 mm and a height of 40.0 mm. The gap between two neighbor-
ing fin is 3.0 mm. The bottom thickness of the fin base is 6.0 mm
and the diameter of each channel in the fin is 4.0 mm. The copper
foam bar inserted in the hole has a square cross section with a side
of 1.5 mm. Except for T;5-T,7 introduced above, T;g is designated
for the measurement of the ambient temperature. There are four-
teen K-type thermocouples to measure the temperature distribu-
tion on the surface of the IFHP. Among them, T;-T, measure the

temperature distribution along the direction of the fin height;
Ts-Ts were welded on the fin base surface, and the arithmetic
mean of the six measured temperatures yields the average temper-
ature of the fin base. Thermocouple Ts is located below T; and T>;
therefore T;-T5 can be used to calculate the fin efficiency. Finally,
To-T14 were welded on the evaporator bottom surface to specify
the temperature distribution of the evaporator bottom surface.

Under the water cooling condition, the IFHP was embedded in a
circular water tank (Fig. 5(c)). The figure illustrates a tank (actually
opaque), so that the fin heat sink in the tank can be seen. Across
section of the configuration is also shown in Fig. 5(c). Cooling
water flows into the tank from one side and then flows out from
the other side after exchanging heat with heat sink. The tempera-
ture of the cooling water was maintained at 25 °C at the inlet. A set
of K-type thermocouples were placed at the selected locations on
the fin base, the fin, and the evaporator bottom surface of the IFHP,
in a similar manner to the distribution of the temperature measur-
ing points under the air cooling condition.
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Whether the air cooling or water cooling method is followed,
their similarity pertains to the use of the forced convective heat
transfer mode to cool the fins of the IFHP. Their difference mainly
lies in two aspects. (1) The cycle mode is different. For the air cool-
ing method, a fan was used to force the air to flow. The air entered
from the fin end and would exit from around the heat sink. How-
ever, for the water cooling method, a pump was used to force the
water to flow. The water flowed into the tank from one side, and
exited from another side. (2) The cooling capacity is different. Com-
pared with the air cooling method, the water cooling has a greater
cooling capacity. In the present experiments, the purpose of the
comparison between the two cooling methods is to investigate
the effects of the cooling capacity of the external environment on
the heat performance of the IFHP, because the water cooling
method is often used to cool the heat sink or the condensation
end of the heat pipe in certain high heat flux fields [31].

The experiments presented in this study were conducted at dif-
ferent inclination angles, which mainly aim to assess the anti-
gravity performance of the IFHP in relation to the flow of the work-
ing fluid inside the heat pipe, and not to the cooling methods. The
inclination angles of the IFHP are 6 = 0°, 90°, and 180°, where 0 = 0°
or 180° refers to the evaporator below or above the condenser. At
0 =180°, the liquid in the IFHP has to overcome gravity to flow
from the condenser to the evaporator. Nevertheless, gravity may
enable the liquid to flow at 0 = 0°.

3.2. Experimental method and analysis

To reduce the contact resistance, the copper foam layer needed
to be sintered on the inner surface of the evaporator bottom plate
to form the evaporator wick. Before sintering, the copper foam
layer and the bottom plate were successively cleaned using ace-
tone and distilled water. Then, a small amount of copper powder
with a particle diameter of 88 pm was spread on the evaporator
bottom plate, forming a powder layer with a thickness of
0.1 mm. Finally, the copper foam layer was pressed on the copper
powder with a certain pressure, and next they were sent into the
furnace for sintering. The sintering temperature was maintained
at 850 °C for 3 h, using hydrogen/nitrogen gas for protection from
oxidation. The copper foam bars inserted into the channels could
be obtained by cutting the compressed metal foam pieces. The
length of the copper foam bars needed to be slightly longer than
the actual demand to ensure close contact with the evaporator
wick. After the copper foam bar had been inserted into each of
the channels, the evaporator bottom plate with the porous wick
covered the heat sink. The raised edge of the evaporator bottom
plate was contact with the bottom edge of heat sink (see Fig. 4
(b)). Therefore, copper foam bars directly contacted the evaporator
wick, and thus the porous network wick was formed. Finally, a
copper-aluminum welding wire was used for the peripheral weld-
ing of both the copper plate and the heat sink base, so that the heat
sink and the copper plate are welded together. After the assembly
of the IFHP, air was injected with a pressure of 0.2 MPa. Then, the
IFHP was placed into soapy water for leak detection. If no bubbles
emerge, the heat pipe does not have any leakages and is packaged
well. Finally, a vacuum pump was used to pump the IFHP for
15 min, while it was being heated. When the pressure reached
6 x 107 Pa, acetone was injected into the IFHP, and then the filling
tube was sealed. Thus, the preparation of the IFHP was completed,
and it could be used for experiments.

In this study, the flow of working liquid in the flat heat pipe is a
vapor-liquid two-phase flow. The total circulation of the working
fluid includes the evaporation of the liquid, the flow, as well as
the condensation of the vapor and the flow of the liquid. Therefore,
the relationship between vapor release and liquid supply needed to
be optimized correctly. Considering the vapor release, Meléndez

and Reyes [32] expressed the vapor mass flow rate in porous media
as:

3
i~ 135 (27) <i> (1)
128 \ u, 1)
where py, iy, 0, and ¢ are the vapor density, the viscosity, the sur-
face tension, and the porosity respectively; ¢ is the wick thickness;
d. is the effective pore diameter. It can be seen from Eq. (1) that a
higher vapor mass flow rate requires a larger pore size. However,

the liquid supply is related to the capillary pressure as in the
following:

Ap = 4o cos o (2)
de

where o is the contact angle. A small pore size is needed to create
sufficient capillary pressure for liquid circulation. The above analy-
sis indicates that the liquid supply and the vapor release require dif-
ferent pore sizes. Hence, the copper foam was compressed to meet
the demands of liquid supply by reducing the pore sizes and main-
taining the pore sizes constant in the direction of the vapor release.
Certainly, compressing the metal foam comes with the cost of
decreasing the porosity and reducing the mass flow rate. However,
as seen in Fig. 2, the pore diameter of the metal foam was signifi-
cantly reduced by compression. This reduction of the effective pore
diameter is more significant than the consequences of the accompa-
nying decrease in porosity.

Because the copper block under the flat heat pipe was wrapped
with heat insulation materials, the heat conduction process in the
copper block can be treated as one-dimensional unsteady heat
conduction. The center temperature of the evaporator bottom sur-
face T.. can be decided in terms of a linear relationship between
T1s, T1e, and Ty7 (see Fig. 5a). The heat flux is

Q
4= Aheat (3)

where Q is the heat load, and Aje,; is the heating area. The total
thermal resistance R, the fin resistance Ry, and the heat pipe resis-
tance Ry, are defined, respectively, as:

R[ _ Te,c é Tair (4)
Rf _ ij.aveQ_ Tair (5)
R, — Te,c _QTﬂJ.ave (6)

where Ty;; is the ambient temperature, T is the center temperature
of the evaporator bottom plate surface, and Tg,ave iS the average
temperature of the fin base surface. Under the water cooling condi-
tion, T,i; should be replaced by Tyater in Egs. (4) and (5).

The fin efficiency characterizes the heat performance of the fin
heat sink, which is defined as the real dissipated heating power
divided by that assuming a uniform temperature along the fin
height with the temperature at the fin base:

o' (T = Tan)LpdL 130 Ti = Tae ™
T h(Ts —Tan)Lply ~ T3 —Ta

where h is the air convective heat transfer coefficient, T; (i=1, 2, 3,
the thermocouple points) is the fin temperature (see Fig. 5(b)), L¢ is
the fin height, and L;, is the cross-section perimeter of the fin.

In order to characterize the uniformity of the temperature dis-
tribution on the fin base surface and the evaporator bottom surface
of the flat heat pipe, we defined a new parameter, namely a relative
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temperature uniformity coefficient () for the fin base surface and
the evaporator bottom surface, respectively:

TﬂJ max — be.min

Y , 8

ﬁﬂ) ij.max ( )
_ Te.max - Te,min

ﬂe‘sur - Te’max (9)

where Ttb,max = max{T3-Tg}, T, min = Min{T3-Tg},
maX{Tg—T14}, and Te,min = min{Tg—T14}.

In the present experiments, the temperature measurement has
a maximum uncertainty of 0.3 °C, and the heat load measurement
has a relative error of 0.5%. Thus, the uncertainty of the thermal
resistance was less than 6.4%.

Te,max =

4. Results and discussion
4.1. Validation and comparison

As the structure of our integrated heat pipe is different from the
ones in the literature, and as the size of the heating area, working
fluid, cooling intensity, and cooling area of the heat sink can all
influence the thermal resistance, it is difficult to find an appropri-
ate comparison with other published results. To validate the exper-
imental results of the novel design used in this study, we first
compared the thermal resistances of the CFHP (Fig. 4(a)) with that
of vapor chamber studied by Ji et al. [22], as they have similar
dimensions and test conditions, the same working fluid, and use
metal foam as capillary wicks. A reasonable agreement between
CFHP and the literature data was observed in Fig. 6: their thermal
resistance values are close to each other for the same heat flux
except some data points in the high heat flux region. Therefore,
our measurement and calculating method are determined to be
reliable. We also validated the experimental data of IFHP (Fig. 4
(b)) with that of Go [33] and Hsieh et al. [34]. Their thermal resis-
tance values and range of the heat flux are different due to differ-
ent wick structure and heating area, but the trends observed with
increasing heat flux are the same. This indicates that the experi-
mental values of the IFHP are reasonable in the regulation that
thermal resistance changes with the heat flux.

Besides, the condenser of IFHP being composed of several hol-
low fins that is identical to the condenser of a two-phase ther-
mosyphon. Kaminaga et al. [35] showed that the condensation

0.7
—=&— Hsieh et al. [34], acetone
0.6 - —v— Jietal. [22], acetone
—*— Go [33], acetone
054 —e— [FHP, acetone

—4— CFHP, acetone
— theory (the correlation of

g 041 Forster and Zuber)
o 031
02 S
0.1 1
0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

q (W/cmz)

Fig. 6. Comparisons of thermal resistances among the present study, those reported
in the literature, and the theoretical values.

resistance represents only 3% of the total resistance of heat pipe.
This is due to the condensation area being much larger than the
boiling area, and the condensation heat transfer coefficient being
larger than the boiling coefficient, as the condensation heat trans-
fer belongs to film condensation [36]. Therefore, the evaporation/
boiling resistance controls the thermal resistance of IFHP at
0 =0°. In this case, the heat pipe resistance is approximately equal
to the evaporation/boiling resistance, R, = 1/hA.,.. However, for the
CFHP, the condensation resistance is not neglected. Thus, when
two heat pipes function properly, the IFHP should have a smaller
thermal resistance than the CFHP. Considering that nucleate boil-
ing prevails at the evaporator of the IFHP, the thermal resistance
due to the boiling at the evaporator can be expressed by the corre-
lation of Forster and Zuber [37]. As shown in Fig. 6, except for
q <16 W/cm?, a good agreement between the theoretical values
and the experimental results for the IFHP was achieved, especially
for ¢ >34 W/cm?.

4.2. The effects of filling ratios

The filling ratio (¢) is defined as the liquid volume divided by
the total inside volume, which is an important parameter of the
heat pipe. Based on our previous study [22], the suitable filling
ratio lies within the range of 10-40%, therefore, filling ratios of
15%, 20%, 30%, and 40% were performed in this study. Fig. 7 shows
the effects of the filling ratios on the heat performance of the IFHP
under air cooling condition. For each filling ratio, T, . increases with
the increase in the heat flux. Among four filling ratios, the IFHP
with a filling ratio of 15% presents the highest T, . for the same heat
flux. When the filling ratios are lower than 30%, T.. gradually
decreases with the increase in the filling ratios for the same heat
flux. However, when the filling ratios are over 30%, up to 40%, Te
does not further decrease. In Fig. 7, there are two curves of T . ver-
sus the heat flux that are close to each other for ¢ = 20% and 40%;
their respective T, values are approximately equal to each other
for the same heat flux. These results show that the optimal filling
ratio is 30% for the IFHP. The reason is that the filling ratio of
15% would be too low at an increasing heat load; the evaporation
region would lack liquid supply and could easily dryout, leading
to a high T... When the filling ratios exceed a certain value, a cer-
tain amount of liquid will accumulate in the evaporator, which
would block the vapor channel and increase the resistance of vapor
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Fig. 7. Effects of the filling ratios on the center temperature of the evaporator
bottom surface.
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release. Therefore, there is a need to determine the optimal filling
ratio.

4.3. Temperature uniformity

Fig. 8 shows the temperature distributions on the fin base sur-
face and the evaporator bottom plate surface at 6 = 0°. The horizon-
tal coordinator represents the distance of the temperature
measuring point from the center point. The CFHP and the heat sink
have the exact same bottom surface size, and the fins used for heat
dissipation are the same material as in the IFHP. As shown in Fig. 8
(a), the fin base surface of the IFHP presents highly uniform tem-
perature distributions for three different heat flux values (measur-
ing points T3-Tg in Fig. 5(b)). The lower the heat flux, the better the
temperature uniformity. At g =161.1 W/cm?, the maximum tem-
perature does not exceed 64.8 °C, and the maximum temperature
difference is less than 2.7 °C between six temperature values.
Fig. 8(b) presents the temperature uniformity of the evaporator
bottom plate surface of the IFHP (measuring points Tg-T;4 in
Fig. 5(b)). The temperature is high at the center zone and decreases
with the increase in the distance away from the center point. Fig. 8
(c) shows the comparison of the temperature distributions on the
fin base surface for the heat sink, the CFHP, and the IFHP. For the
IFHP, the highest temperature and the maximum temperature dif-
ference between the measuring points on the fin base surface is
53.9°C and 1.6 °C at q=117.2 W/cm?, respectively. However, for
the CFHP and the heat sink, the highest temperatures are 55.4 °C
and 60.5°C, and the maximum temperature difference is 2.4 °C
and 7.7 °C, respectively. It is apparent that the IFHP presents the
lowest temperature and the best temperature uniformity on the
fin base surface among the three heat spreaders, when their bot-
tom plates are heated with the same heat flux. On the evaporator
bottom plate surface, the advantage of the IFHP is more obvious
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(see Fig.8(d)). Regarding the IFHP, the highest Teg, is 56.2 °C,
and the maximum temperature difference is 7.3°C at
q=117.2 W/cmz. For the heat sink, however, the highest Te g, is
83.2°C, and the maximum temperature difference reaches
26.8 °C. The reason why the IFHP has the best temperature unifor-
mity and the lowest temperature is that 69 channels have been
machined in the fins, in which copper foam bars were inserted,
and are similar to 69 miniature heat pipes operating simultane-
ously. Among the three heat spreaders, the IFHP is the optimal
solution to be applied for the heat dissipation of high-power and
high-flux electronic devices.

To study how the temperature uniformity varies with the heat
flux on the fin base surface and the evaporator bottom plate sur-
face of the IFHP, the relative temperature uniformity coefficients
versus the heat flux are illustrated in Fig. 9. Regarding the evapora-
tor bottom plate surface, the uniformity coefficient (fesur)
increases with the increase in the heat flux, for g <117 W/cm?.
However, fe.sur begins to decrease when the heat flux exceeds
117 W/cm?. For the fin base surface, the uniformity coefficient
(Bm) has a similar regularity to Besur, however, Bg, is lower than S -
sur- When the heat flux reaches 117 W/cm?, § reaches a maximum
value of approximately 0.17 for the evaporator bottom plate sur-
face and 0.09 for the fin base surface. This phenomenon can be
explained by the following reasons. If no phase-change heat trans-
fer takes place on the inner surface of evaporator, according to the
Fourier Formula q = —kdT/dx (k is the thermal conductivity of solid
copper, dT/dx is the temperature gradient), the relationship
between the temperature gradient and the heat flux is nearly linear
from the center to the edge of the evaporator bottom plate; hence,
Besur Should linearly increase with the increase in heat flux. How-
ever, owing to the existence of phase-change heat transfer, which
increases with the increase in g, Besur NONlinearly increases with
the increase in g, and the slope of curve gradually decreases. Once
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Fig. 8. Temperature distribution: (a) and (c) are the temperature distributions on the fin base surface, (b) and (d) are the temperature distributions on the bottom surface of

three heat spreaders.
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Fig. 9. Relative temperature uniformity coefficient g versus heat flux.

phase-change heat transfer region begins to expand from heating
region, Besur reaches the maximum value. When the heat flux fur-
ther increases, the phase change heat transfer also occurs on the
non-heating region near the heating region, fes, begins to
decrease with the increase in q. For the fin base surface, the con-
densation of vapor mainly occurs at the central region of the top
surface of the heat pipe for a low heat flux and 0 = 0°; therefore,
the temperature at the central region is high, and it increases with
the increase in g, thus, By, gradually increases. When the vapor
condensation area begins to expand from the central region, the
maximum pg, is achieved. After that, Bp decreases with the
increase in q. When the vapor is condensed throughout the top sur-
face of the heat pipe, the whole of the fin base presents good uni-
formity at a high heat flux.

4.4. Fin efficiency

Fig. 10(a) shows the relationship between fin temperature Ty
and fin height z at 0 = 0°. Compared with the CFHP and the heat
sink, the IFHP significantly improves the temperature uniformity
along the fin height. Regarding the CFHP and the heat sink, the
temperature difference between the fin base and the fin end is
approximately 14.7 °C and 21.9 °C, respectively, at q=161.1 W/
cm?. However, for the IFHP, the temperature difference is approx-
imately 7.1 °C; this is lower by 7.6 °C and 14.8 °C than that of the
CFHP and the heat sink, respectively. Moreover, the temperature
of the IFHP is lower than that of the CFHP and the heat sink on
the fin base surface, which is most obvious at a high heat flux.
Fig. 10(b) shows the fin efficiency (#) of the three heat spreaders
for different heat fluxes. Regarding heat sink, if the heat flux is less
than 34.4 W/cm?, 5 increases with the increase in the heat flux. If
the heat flux exceeds 34.4 W/cm?, then # almost ceases to increase,
and its maximum value is approximately 78%. For the CFHP, its
turning point is at 56.1 W/cm?, and following that, # has nearly
reached a steady state and has a maximum value of 82%. However,
there is a great difference for the IFHP; # continues to increase with
the increase in heat flux until the heat flux exceeds 104.4 W/cm?.
The maximum value of # reaches 93% at g = 161.1 W/cm?, which
is the highest among the three heat spreaders. The reasons for this
are as follows. The vapor is the heat carrier and can flow quickly
along the channels in the fins of the IFHP; thus, the heat is trans-
ferred directly to the fin end and the thermal resistance is low.
However, the fins of the CFHP and the heat sink are solid; there-
fore, the heat is transferred from fin base to the fin end through
conduction, and the thermal resistance is high. Thus, the IFHP pre-
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Fig. 10. Temperature distribution on the fin surface (a), and fin efficiencies versus
the heat flux (b).

sents a smaller temperature difference between the fin base and
the fin end compared to that of the CFHP and the heat sink. Accord-
ing to Eq. (7), for the same heat flux, the smaller the temperature
difference between the fin base and the fin end, the higher the
fin efficiency. Therefore, the IFHP presents the highest 7 among
the three heat spreaders. Owing to its novel design, the IFHP has
69 similar miniature heat pipes that simultaneously take part in
the heat transfer, which significantly enhances the temperature
uniformity of the whole fin heat sink. As a result, the heat perfor-
mance is enhanced and the temperature of the fin base decreased.
This is the reason why the temperature of the I[FHP is lower on the
fin base surface than that of the CFHP and the heat sink. Still, the
question arises as to why the fin efficiency is lower for low values
of heat flux in the present experiments. According to the literature
[38], n increases with the increase in the thermal conductivity of
the fins, and decreases with the increase in the convective heat
transfer intensity. On the one hand, the thermal conductivity of
aluminum increases with the increase in temperature within the
range of 0-100 °C. The temperature of the fins is low at low heat
flux values; hence, the thermal conductivity and # are both low.
On the other hand, the temperature of the air in the gaps between
the fins increases with the increase in heat flux, not only contribut-
ing to the decrease in the convective heat transfer, but also leading
to increased buoyancy. Large buoyancy would follow the direction
opposite to that of the air flow driven by the fan, and would
decrease the convective heat transfer coefficient on the fin surface.
Therefore, the convective heat transfer intensity is higher and the
corresponding 7 is smaller at a low heat flux than those at a high
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heat flux. When the temperature reaches a certain value, the
effects of various factors tend to stabilize, and # reaches its maxi-
mum value at a high heat flux. Although both the CFHP and the
heat sink have solid fins, the temperature of the fin base is uniform
and lower for the CFHP compared with that of the heat sink, for the
same heat flux (see Fig. 10(b)). Hence, the CFHP requires significant
heat flux to reach the turning point where the convective heat
transfer intensity tends to weaken.

Regarding the heat sink and the CFHP, the fin efficiency
decreases with the increase in fin height, therefore, the fin height
is limited to certain values. However, for our novel design, it is
viable to make the fin height higher than that of the heat sink
because the vapor can directly arrive at the fin end through the
channels in the fins, and the temperature difference between the
fin base and the fin end is small.

4.5. Effects of inclination angles and cooling methods

The relationship between gravity and the flow direction of the
working fluid significantly affects the vapor-liquid distribution
and flow, and further affects the heat performance of the heat pipe.
Thus, it is necessary to study the effects of the inclination angles.
Fig. 11(a) shows that T, varies with the heat flux, at different incli-
nation angles. For the three heat spreaders, T increases with the
increase in the heat flux at 6 = 0°,90°, and 180°. For the same heat -
flux, e.g., ¢ = 90 W/cm?, the T, of the IFHP is lower than that of the
heat sink and the CFHP at 0 = 0°. For the CFHP and the IFHP, the
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Fig. 11. Center temperatures of evaporator bottom plate surface versus heat flux for
different inclination angles.

temperature inside the heat pipe was maintained less than 80 °C.
If the temperature exceeded 80 °C, the pressure inside the heat
pipe would have been higher than 224 kPa, and the internal pres-
sure would have been greater than the external environmental
pressure (101 kPa); this would cause the deformation of the evap-
orator bottom plate. The relationship between the temperature
and the saturation pressure is listed in Table 2. For the same Te_,
e.g., T =80 °C, the IFHP can expand the range of heat fluxes to
an upper limit of 161.1 W/cm?, whereas that of the CFHP is
117.2 W/cm?. Furthermore, Fig. 11(a) illustrates that the T. . values
of the IFHP and the CFHP are lower at 0 = 0° than those at 0 = 180°;
this occurs because gravity can help the liquid to flow from the
condenser to the evaporator at 0 = 0°. On the contrary, gravity sig-
nificantly impedes the movement of the fluid at 6 =180°, thus
affecting the liquid supply.

Many factors can affect the heat performance of the heat pipe
during the operation. One of them is the cooling method, which
plays a very important role in the heat transfer of the heat pipe.
Therefore, both air and water cooling methods were implemented
to study their effects on the IFHP. Under water cooling conditions,
the effects of the inclination angles and the change trend of T,
with increasing heat flux were similar to those occurring under
air cooling conditions (Fig. 11(b)). However, T.. considerably
decreased, when the heat flux reached 160 W/cm? at 6 = 0°, and
Te was 25 °C less than that under air cooling conditions. When
the heat flux reached approximately 350 W/cm?, the T, was only
72 °C. It can be observed that water cooling can rendered the IFHP
efficient at higher heat flux than air cooling for the same T, . These
results reveal that the IFHP is suitable for heat dissipation in high-
heat-flux electronic devices, and water cooling can be used to
replace air cooling when the heat flux is high.

4.6. Analysis of thermal resistance

Fig. 12(a) shows that for all three heat spreaders, the total ther-
mal resistance R, varies with increasing heat flux under air cooling
conditions at 0 =0°. Regarding the heat sink, the total thermal
resistance R, remains at the same value of approximately 0.75 K/
W versus the heat flux. When the heat flux exceeds 23.4 W/cm?,
the heat sink has the highest value of R, among the three heat
spreaders. However, the IFHP has the lowest R, and the CFHP has
an in-between thermal resistance value. Regarding the CFHP, the
minimum value of R, is 0.52 K/W, whereas that of the IFHP is only
0.32 K/W. For the IFHP and the CFHP, R; is lower at 0 = 0° than at
0 =180°. Under water cooling conditions, the R of the IFHP is sig-
nificantly lower than under air cooling conditions, regardless of the
inclination angle (6 =0° or 180°). The best thermal performance
can be achieved, and the minimum R, is 0.12 K/W at 0 =0° and
q=117.2 W/cm?. Moreover, in the case of water cooling, the IFHP
can operate within a wide range of heat fluxes and up to 350 W/
cm?, thus presenting excellent heat performance.

More specifically, R; consists of R, and R;. Fig. 12(b) shows the
relationship of R;, Ry, and Ry for the IFHP. At a low heat flux
(q <11.3 W/cm?) R; and Ry, are higher than Rg; R; is mainly affected
by Ry. Regarding Ry, it is affected by the thermal conductivity of the
fins and the external environment. Owing to the combination of
the driving force by a fan and the buoyancy force affected by the
air temperature between the fin gaps, the convective heat transfer
coefficient on the fin surface is high at low heat fluxes, and does
not relate to the heat flux at high heat fluxes; therefore, R¢ receives
low values at low heat fluxes, and maintains a steady value at high
heat fluxes. However, before the IFHP starts up, the Ry, is mostly
affected by the heat conduction and the convective heat transfer
in the evaporator; the thermal resistance is relatively high. After
the IFHP starts up, the R;, is mostly affected by the phase-change
heat transfer, and the thermal resistance is low; hence, R;
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Table 2
Relationship between temperature and saturation pressure.
Temperature (°C) 0 20 40 60 80 100 120 140
Saturation pressure (kPa) 8.9 24.6 56.2 116 224 372 608 945
1.0 thermal conductivity, which is helps to improve the effective solid-
(@) liquid heat transfer coefficient, contributing to the enhancement of

—%- air cooling, heat sink, 6=0°
0.8 —#— air cooling, CFHP, 6=0°
~o— air cooling, CFHP, 6-180°
—— air cooling, IFHP, ¢=0°

0.6 1 —4— air cooling, IFHP, 6-180°
—=- water cooling, IFHP, ¢=0°
—0- water cooling, IFHP, 6-180°

R (R/W)

0.4 A

021 oo

0.0 T T T T T T T T
0 40 80 120 160 200 240 280 320 360
q (W/cmz)
08 T 9=0°
(b) air cooling, IFHP, 6=0" _ R, with metal foam bars
0.7 1 —=— R, with metal foam bars
0.6 1 —a— R;with metal foam bars

R, no metal foam bars

0.4 4

R(K/W)

0.2 4

0.1 1

0.0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

q (W/cmz)

Fig. 12. Thermal resistance versus heat flux.

decreases with the increase in heat flux until reaching a steady
value. This is also the reason why the heat pipe should present
good sealing performance. It is obvious that Ry, is low for our novel
design. Our next step will be to optimize the fin structure to further
reduce the overall thermal resistance.

In the cases where 6 = 180°, the metal foam bars are required to
be inserted into the channels of the IFHP to carry the liquid from
the condenser to the evaporator. At 0=0° are metal foam bars
needed to insert into the channels? Owing to the effects of surface
tension and vapor pressure in the evaporator, if the diameter of a
channel is small and the liquid wets the channel walls, the liquid
cannot flow out from the channel once the channel has been fully
filled with condensed liquid; although the gravity can help liquid
to flow. This is similar to the example of a glass tube with a
small inner diameter, which is fully filled with water; the water
cannot flow out if the tube is turned upside-down. The pink curve
in Fig. 12(b) shows the heat performance of the IFHP without metal
foam bars inserted into the channels; its R, value is higher than
that of the IFHP with metal foam bars. When the heat flux reaches
60 W/cm? at 0 = 0°, Ry, sharply increases, indicating that the IFHP
without metal foam bars has reached the heat transfer limit.

To summarize, the exceptional heat performance of the IFHP
can be explained as follows: (1) The porous copper foam has a high

the heat transfer capability. (2) After the copper foam was com-
pressed, there were numerous small and large pores in the copper
foam wicks. Large pores can reduce the flow resistance of the
working fluid, and small pores can provide high capillary pressure
to enhance liquid supply. Thus, the existence of small and large
pores has a synergetic effect, which enables the copper foam wick
to achieve the best heat performance. (3) The IFHP realizes the
integration of the fin heat sink with the heat pipe, which can elim-
inate the contact thermal resistance between them. Meanwhile,
the IFHP expands the heat transfer area of the condenser, which
helps heat dissipation. Furthermore, 69 channels were machined
in the fins, in which copper foam bars were inserted; these chan-
nels coupled with wicks are equivalent to 69 miniature heat pipes
that operate simultaneously.

5. Conclusions

A novel IFHP was fabricated, with compressed copper foam as
porous network wick. Experiments were conducted to investigate
the effects of filling ratios, cooling methods, heating power, and
different inclination angles on its heat performance. The conclu-
sions can be summarized as follows:

e The novel IFHP presented better temperature uniformity and
the stronger heat dissipation ability compared with the heat
sink and the CFHP, under the same experimental conditions.
The contact thermal resistance between the heat pipe and the
heat sink was eliminated, the condensation area of the heat pipe
was expanded, and the temperature difference between fin base
and fin end was reduced. Thus, fin efficiency was enhanced and
the operating range of the heat fluxes was extended. When the
heat flux reached 161.1 W/cm?, the fin efficiency was up to 93%.
For the IFHP, the best filling ratio and inclination angle are 30%
and 0 = 0°, respectively, at which the best heat performance was
achieved, and the minimum total thermal resistance was
0.33 K/W.

A relative temperature uniformity coefficient g was introduced
to study how the temperature uniformity on the fin base sur-
face and the evaporator bottom plate surface varied with heat
flux. When the heat flux reached 117 W/cm?, g yielded a maxi-
mum value of approximately 0.17 for the fin base surface, and
0.09 for the evaporator bottom plate surface.

Cooling methods and inclination angles had certain effects on
the heat performance of the IFHP. In terms of cooling the heat
sink, water cooling was more efficient than air cooling. In the
case of water cooling, the best heat performance was achieved
at 0=0° where the minimum total thermal resistance was
0.12 K/W, and the heat flux reached up to 350 W/cm? without
being close to drying out.
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