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A thin ﬂat heat pipe with novel wick structure was fabricated.
Operation characteristics of the ﬂat heat pipe were identiﬁed.
High heat ﬂux of 100 W/cm2 was achieved for this 2 mm ﬂat heat pipe.
Gravity has very small impact on its thermal performance.
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A B S T R A C T

The thermal performance of a copper-water ﬂat heat pipe (100 mm × 50 mm × 2 mm) composed of a novel
wick structure with an inner thickness for working ﬂuid less than 1 mm has been investigated. The wick
structure was made of sintered hybrid copper ﬁne powder with diameters ranging from 50 μm to 100 μm.
The effects of heating input, tilt angle, and cooling temperature on ﬂat heat pipe working performance
were studied experimentally. Results showed that the proposed ﬂat heat pipe could effectively dissipate 120 W (100 W/cm2) in the horizontal orientation with a thermal resistance of 0.196 °C/W. Moreover,
it has been demonstrated that under air natural convection condition, the performances of the novel ﬂat
heat pipe were higher than those of thin copper sheet, showing an effective thermal conductivity more
than 4 times of copper.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The heat per unit area generated by chips continuously increases and thermal control becomes a very attractive research topic
in the electronic industry. Local and global high temperatures can
both signiﬁcantly inﬂuence the working performance of the electronic components or lead to high thermal stress [1]. Thus, to cool
these devices eﬃciently in narrow spaces, thin, high-performance,
and lightweight cooling devices are demanded. Micro/mini ﬂat heat
pipe is one of the most promising approaches for the thermal management of electronic components [2], especially for high power
mobile electronics, e.g., portable game PC or automobile LED lighting.
The early information concerning the micro/mini-scale heat pipes
can be found in [3]. In the past two decades, many investigations
on the working performance of thin ﬂat heat pipes have been carried
out. One of the most common wick structures is micro/mini grooves
[4–7]. Cao et al. [4] tested a 2 mm-thick rectangular-grooved heat
pipe which had a maximum heat transfer rate of 24.8 W when cooled
at 90 °C. Hopkins et al. [5] experimentally investigated a 2.4 mm-
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thick ﬂat heat pipe with micro trapezoidal capillary grooves
manufactured by a rolling method. When heated at both sides of
the evaporation section and positioned in the horizontal orientation, the ﬂat heat pipe had a minimum thermal resistance of 0.3 °C/W
with a maximum heat ﬂux of 17.3 W/cm2. Lin et al. [8] made a
6.35 mm thick ﬂat heat pipe whose wick structure was a folded
copper sheet ﬁn. A maximum heat ﬂux of 158 W/cm2 (122.3 W) was
obtained when the evaporator temperature reached 112.6 °C. In 2008,
Lim et al. [9] presented a relatively small ﬂat copper heat pipe
(56 mm × 8 mm × 1.5 mm) with radial microgrooves fabricated by
using a femtosecond laser micromachining technique. This device
could only perform functionally at heat loads below 12 W cooled
by a refrigeration bath circulator. Recently, Zaghdoudi et al. [6] found
that the thermal resistance of ﬂat heat pipe decreased with the increase of the heat sink temperature.
By ﬂattening a metal tube, some ﬂat heat pipes [10–12] have been
fabricated. The limitation for the pressed thickness between 2 mm
and 2.5 mm was obtained by Moon et al. [10]. With sintered copper
powder wick structure, the spreading resistance from the heat source
to the evaporator for a 5 mm thick ﬂat heat pipe [13] was measured about 40 times smaller than that of the copper plate at 28 W/
cm2. Rulliere et al. [14] studied the maximum heat transfer capability
of a ﬂat heat pipe with a large evaporator area. A small thermal
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resistance of 0.05 °C/W was obtained at 155 W. Tsai et al. [15] tested
a copper-water vapor chamber with an inner height of 1.4 mm and
its maximum heat transfer rate was 50 W. Some wire mini-heat pipes
[16,17] were also investigated experimentally. To sum up, the abovementioned researches showed that the different types of metal thin
ﬂat heat pipes could only work functionally under relatively low
heat ﬂuxes when the inner height was less than 1.5 mm and the
saturation temperature was within 60 °C.
To further decrease the thickness, some researchers [18–21]
studied the behavior of silicon-based ﬂat heat pipes with microscale
capillary grooves. Moreover, Ding et al. [22] presented a Ti-based
ﬂat heat pipe (30 mm × 30 mm × 0.6 mm) that could dissipate 7.2 W.
Oshman et al. [23–25] fabricated three different polymer-based ﬂat
heat pipes whose inner heights were 1 mm [23], 1 mm [24], and
0.9 mm [25], respectively. The performance of the heat pipe [23]
with a hybrid wick structure consisting of micro pillars and woven
mesh was tested; experimental results showed that the heat pipe
could work under 11.94 W at adverse-gravity direction. Famouri et al.
[26] numerically investigated the transient heat transfer in this ﬂat
heat pipe. However, the application of these silicon/polymerbased ﬂat heat pipes will be conﬁned in consideration of their
reliability and fabrication.
With the assistance of visualization, Wong [27,28], Lefevre and
their staffs [29–31] studied the thermal performance and the mechanism inside ﬂat heat pipes with small internal space. As declared
in [29], the presence of nucleate boiling could improve the thermal
performance of a ﬂat heat pipe; moreover, the heat ﬂux at the beginning of the nucleate boiling was much lower than the dry-out
heat ﬂux. With n-pentane as the working ﬂuid, the effect of the vapor
space thickness on the thermal performance of a ﬂat heat pipe has
been analyzed systematically in [30].
The above-mentioned researches highlight that the limited spaces
available for the evaporation process and for the ﬂuid circulation
limit the high performance of ﬂat heat pipes. In particular, thickness plays a key role in ﬂat heat pipe performances. Meanwhile, the
above-referred works all adopted traditional structure, as being used
in a conventional heat pipe or a conventional vapor chamber, in
which vapor phase and liquid phase ﬂow reversely inside the envelope, especially at the evaporation zone.
The present work describes a thin high-performance copperwater ﬂat heat pipe in detail, aiming to cool high power portable
electronics or optoelectronic equipment. This ﬂat heat pipe has a
novel sintered hybrid copper powder wick structure, whose internal space height is less than 1 mm. The working performance of the
heat pipe device has been tested and analyzed under different heat
loads, tilt angles, and cooling water temperatures. Furthermore, the
thermal performance of the ﬂat heat pipe device under natural convection at different heating inputs has been evaluated both
experimentally and numerically. In addition, a comparison has been
made using a copper plate with the same size of the proposed device.
Experimental tests demonstrated that this ﬂat heat pipe could
manage high heat ﬂux with a quite low thermal resistance.
2. Heat pipe construction
The proposed ﬂat heat pipe is primarily composed of two copper
plates with sintered wick structure on the inner surface. Referring
to Fig. 1a, 1 and 2 are the copper plates, 3 and 4 are sintered copper
powder wick structures; the convex region collects condensate, while
liquid ﬂows within the striped region. Both convex and striped
regions also serve as the supporting structure to avoid concave deformation during the fabrication and operation process. The channels
formed by the strip-shaped wick structures are the paths for the
vapor and part of the returned liquid. This type of sintered wick
structures is believed to enhance the working eﬃciency of ﬂat heat
pipe by lowering the thermal resistance, because the ﬂow of most

(a)

(b)

(c)
Fig. 1. Flat heat pipe schematic: (a) upper and lower plates; (b) working mechanism; (c) sintered hybrid powder wick.

part of liquid and vapor is restricted mainly in the same direction.
Therefore, the ﬂow resistance is reduced by restraining the
counterﬂow as happening in conventional heat pipes, which is somewhat similar to the working mechanism of loop heat pipe described
in [32]. Fig. 1b shows the ﬂow inside the ﬂat heat pipe schematically. The vapor generated in the wicked strips near the convex region
ﬂows through the channels formed between the wicked strips and
the condensate returns driven by capillary force and accumulates
in the convex region. Meanwhile, in order to provide a high capillary force and a low ﬂow resistance in the wick, hybrid copper
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Table 1
Main geometrical parameters (in mm).
Overall dimensions of the ﬂat heat pipe (L × W × H)
Overall dimensions of the copper casing (L × W × H)
Dimensions of the convex-shaped wick (L × W × H)
Dimensions of single strip-shaped wick (L × W × H)
Number of the strip-shaped wick
Number of the vapor channels

100 × 50 × 2
100 × 50 × 0.5
41 × 10 × 0.5
80 × 1 × 1
21
22

powder with different size (300 mesh powder and 30% in weight,
and 150 mesh powder and 70% in weight) was mixed and sintered together, as shown in Fig. 1c. Table 1 summarizes the main
geometrical parameters of the proposed ﬂat heat pipe.
In order to enhance the mechanical strength and reliability of
the ﬂat heat pipe, the two copper plates have been aligned and ﬁxed
together through a secondary sintering process. Any possible gap
between the copper plate and the wick structure is removed through
secondary sintering process; therefore, the heating source can be
mounted on any one of the two surfaces of the ﬂat heat pipe without
any negative effects on the thermal performance. Water was chosen
as the working ﬂuid, and following an evacuation process
(<5 × 10−3 Pa), a charging ratio of 45% was selected through extensive preliminary experiments aiming to reach a compromise between
the preferred thermal resistance and the possible maximum heat
load. Here, the charging ratio is deﬁned as the volume percentage
of the total inner space of the ﬂat heat pipe including the porosity
of the wick shared by the working ﬂuid. Fig. 2 shows the ﬁnal heat
pipe after welding and charging processes.
3. Experimental setup
Fig. 3 illustrates the experimental testing system. A DC power
supplier provides electrical power to a copper block containing a
cartridge heater as the heating source, as presented in Fig. 4a. The
heating block is mounted at the upper surface of the ﬂat heat pipe,
whose active heating area is 12 mm ×10 mm. To minimize the environmental heat losses, the heating copper block and the adiabatic
section of the heat pipe are wrapped with a layer of 10 mm-thick
adiabatic foam made of NBR/PVC (Fig. 4b); its thermal conductivity is 0.04 W/(m·°C). In addition, a very thin layer of thermal grease
(conductivity about 6 W/(m·°C)) ﬁlls the gap between the heat pipe
and the copper heating block to minimize the contact thermal resistance. A water cooling chamber (50 mm × 50 mm) screwed to the
heat pipe cools it. The cooling water ﬂow rate is set as 4 L/min and
a thermostatic water bath (DC-2020) controls its inlet temperature.
An Agilent 34970A data acquisition system monitors and records
the temperatures acquired by eleven T-type Omega thermocouples ﬁrmly attached to the surface of the ﬂat heat pipe. Sampling
duration is 3 s and thermocouple accuracy is ±0.5 °C. Fig. 5 shows
the position of the microscale thermocouples on heat pipe surface.
The temperatures from 103 to 107, discussed in the following sec-

Fig. 3. Schematic of the experimental setup.

tions, are the averaged values, e.g., the temperature (103) is the mean
value of temperatures at the locations of 103_1 and 103_2. To make
sure that thermocouples correctly adhere to the ﬂat heat pipe, before
each test the electro-conductance between the thermocouples and
the ﬂat heat pipe was measured. Thermocouple 101 shown in Fig. 4
monitors the central temperature at the top surface of the heating
block. Another thermocouple (113), as shown in Figs. 3 and 4b, was
attached to the surface of the thermal insulation wrapping the
heating block to evaluate the heating losses from the insulating layer
surface to the ambient. Considering natural convection and thermal
radiation, this heat loss never exceeded the 3.5% of the heating power
in all testing cases.
4. Working performance evaluation
The thermal resistance and the operation temperature are commonly used to evaluate the working performance of a heat pipe.
In this paper, the total thermal resistance of the tested prototype
and the thermal resistance of the ﬂat heat pipe are calculated by
Eq. (1) and Eq. (2), respectively.

Rsystem =

RHP =

Tcase − Tcoolant
Q

(1)

Te − Tc
Q

(2)

Here Q is the heating input power provided by the DC supplier; Tcase and Tcoolant are the temperature at the top surface center of
the heating block (T101) and the inlet temperature of the cooling
water, respectively. Te is the evaporation temperature measured by
the thermocouple 102; Tc is the condensation temperature calculated by averaging the temperatures measured by four
thermocouples (106_1, 106_2, 107_1, and 107_2).
Under a cooling water temperature of 35 °C and in the horizontal direction, the uncertainties of RHP and Rsystem were calculated as
2.14~5.26% and 2.19~5.25%, respectively, through the synthetic
method for relative error analysis by Eq. (3).

δR
⎛ δ Q ⎞ ⎡ δ (Te − Tc ) ⎤
= ⎜
+
⎝ Q ⎟⎠ ⎢⎣ Te − Tc ⎦⎥
R
2

2

(3)

4.1. Comparison between ﬂat heat pipe and copper plate

Fig. 2. Prototype of a ﬂat heat pipe.

The temperature of water ﬂowing through the cooling chamber
was initially set as 35 °C. Figs. 6 and 7 plot the steady state temperatures at different locations on the ﬂat heat pipe and the copper
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(a)

(b)
Fig. 4. Conﬁguration of the testing: (a) structure of the heating block; (b) assembling.

plate is positioned horizontally respectively. Plots highlight that temperatures of the ﬂat heat pipe were lower than those of the copper
plate in all tested conditions, and the difference increased with the
heat load increasing. For the thermocouples 101 and 102, at 120 W,
the temperature differences were 83.8 °C and 99.4 °C, respectively. Moreover, the temperature difference between the heated and
the cooled sections of the copper plate was much higher than that
of the ﬂat heat pipe for all heat loads, and the values increased greatly
with the increase of heating input. For example, the temperature
difference of the ﬂat heat pipe was 20.8 °C while that of the copper

Fig. 5. Locations of the thermocouples (the red dash square represents the heater
position). (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

Fig. 6. Temperatures at different locations on the ﬂat heat pipe.

plate was 111.3 °C at 108 W, nearly 5.4 times larger than the heat
pipe. In addition, due to the excess of water ﬂooding at the end of
condenser, the temperature at location of 107 grew a little with the
heat load increasing. This phenomenon might be also explained considering the possible presence of small amount of non-condensable
gas, which prevented the vapor from spreading to the end of condenser. In consideration of these negative factors, the temperature
of the proposed ﬂat heat pipe is still uniform compared with that
of the copper plate; for the ﬂat heat pipe, there is a very small temperature difference among the measuring points 103, 104 and 105.
Fig. 8 shows the thermal resistances of both the ﬂat heat pipe
and the copper plate under different heating inputs. The thermal
resistances of the test system and of the heat pipe itself decreased
rapidly initially and then slowed down with the increase of the heat
load. The measured corresponding thermal resistances were
0.490 °C/W and 0.193 °C/W at 108 W, respectively. Then, thermal
resistance slightly increased at 120 W. In addition, the proportion
in the total thermal resistance of the testing system taken by the
ﬂat heat pipe decreased with the heating input increasing below
108 W. With regard to the copper plate system and the copper plate,
all studied cases almost showed the same thermal resistances (approximately 1.20 °C/W and 1.04 °C/W, respectively).
At relatively low heat loadings, the evaporation process is not
very intensive and the water ﬁlm in the evaporator is relatively thick,
directly leading to a large thermal resistance of the evaporation
section. As the heating input increases, the water ﬁlm became thin.

Fig. 7. Temperatures at different locations on the copper plate.
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Fig. 8. Thermal resistance under different heat loads.

Moreover, the difference of the meniscus radius of the liquid–
vapor interface between the evaporator and the condenser increases
and the velocities of the vapor and the liquid both increase, accelerating the heat transfer in ﬂat heat pipe. As a result, the thermal
resistance of ﬂat heat pipe will decrease. When the heat load reaches
up to the value at which the capillary cannot balance the ﬂow resistance, it is assumed that the water ﬁlm will become very thin
and a partial dry-out will take place. Thus, the evaporator temperature will increase in turn and thermal resistance will increase.
Table 2 shows the comparison of the heat transfer capability of
various ﬂat heat pipe designs in the horizontal orientation. Results
show that the working performance of the proposed ﬂat heat pipe
in this work is better than other reported ﬂat heat pipes in terms
of dimensions and overall performance, thanks to the novel wick
structure. The comparison indicates that the unique wick structure coupled with the hybrid porous size allows reducing the
thickness of metal ﬂat heat pipes without signiﬁcant deterioration in performances.
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Fig. 9. Flat heat pipe thermal resistances under different cooling water temperatures.

4.2. Effect of cooling water temperature
The effect of cooling water temperature on thermal performance of the ﬂat heat pipe in the horizontal orientation has been
investigated. The thermal resistances of the ﬂat heat pipe for different study cases are plotted in Fig. 9. It can be seen that the thermal
resistance decreased with the cooling water temperature increasing before dry-out occurring. As explained in [31], the increase of
cooling water temperature leads to the decrease of vapor and liquid
friction factor which directly decreases the vapor pressure drop and
the liquid pressure drop.
The minimum thermal resistances for 25 °C, 30 °C, 35 °C and 40 °C
were 0.260 °C/W (84 W), 0.221 °C/W (96 W), 0.193 °C/W (108 W)
and 0.215 °C/W (96 W), respectively. The comparison among the
thermal resistance curves indicates that the lowest value at high
heat loads exists when the cooling water is 35 °C, meaning that there
exists an optimal water cooling temperature for a special ﬂat heat
pipe.

Table 2
Performance comparison of various typical ﬂat plate heat pipe designs.
References

Material, temperature (°C)

Inner height
(mm)

Heat ﬂux (W/cm2)/
heat load (W)

Thermal
resistance (°C/W)

Launay et al. [18]
Ding et al. [22]
Launay et al. [18]
Ivanova et al. [19]
Zaghdoudi et al. [6]
Yang et al. [21]
Cao et al. [4]
Oshman et al. [25]
Cao et al. [4]
Oshman et al. [24]
Oshman et al. [23]
Present work
Lim et al. [9]
de Paiva et al. [17]
Tsai et al. [15]
Hopkins et al. [5]
Chen and Chou [7]
Hopkins et al. [5]
Rulliere et al. [14]
Lips et al. [30]
Wang and Peterson [16]

Silicon/ethanol, Tcoolant = 30
Ti/water, –
Silicon/methanol, Tcoolant = 30
Silicon/water, Tcoolant = 50
Copper/water, Tcoolant = 40
Silicon/water, –
Copper/water, Tcoolant = 90
Polymer/water, Tcoolant = 10
Copper/water, Tcoolant = 90
Polymer/water, Tcoolant = 10
Polymer/water, –
Copper/water, Tcoolant = 35
Copper/water, –
Copper/water, Tv = 56
Copper/water, Tcoolant = 40
Copper/water, Tv = 90
Aluminum/acetone, Tcoolant = 25
Copper/water, Tv = 90
Copper/methanol, Tv = 70
Copper/water, Tv = 40
Copper/water, Tv = 85

0.17
0.2
0.342
0.47
0.5
0.6
0.8
0.9
1
1
1
1
1.1
1.4
1.4
1.51
1.7
1.9
1.98
2
2

3/3
7.2/7.2
2/2
70/70
4.2/40
7.35/18
14/31
2.88/18
20.6/24.8
62.5/40
11.94/11.94
100/120
12/12
7.5/45
44.2/50
11/16
3.13/47
17.3/22
0.9/155
10/140
19.1/123

≈3
2.69
0.8
0.9
≈0.72
1.32
≈0.6
1.2
≈0.8
0.25
≈1.1
0.196
≈5.1
≈0.4
0.868
0.5
0.254
0.3
0.05
0.24
–
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surface to the ambient did not exceed 5%. The effective thermal conductivity is calculated by Eq. (4):

keff = Q ′ ⋅
Q′ =

Fig. 10. Thermal resistance of the ﬂat heat pipe under different tilt angles.

4.3. Effect of tilt angle
To investigate the effect of gravity on the thermal performance, the ﬂat heat pipe was tested under different tilt angles (−90°,
−45°, 0°, 45° and 90°) setting the cooling water temperature at 35 °C.
The thermal resistances of the ﬂat heat pipe with varying tilt angles
and heat loads are presented in Fig. 10. When the evaporation zone
was laid above the condensation zone (negative tilt angles), the condenser was partially full of liquid-phase working ﬂuid. The
unbalanced capillary and gravity forces could not keep the working
ﬂuid circulating in the ﬂat heat pipe at high heat loads, and the
minimum thermal resistance of 0.303 °C/W was obtained at 60 W.
When the evaporation section was at the bottom end (positive tilt
angles), it was ﬁlled with liquid-phase working ﬂuid. The capillary force and the gravity force worked together to maintain the ﬂat
heat pipe operating. At 96 W, the minimum thermal resistances were
0.180 °C/W and 0.172 °C/W, respectively, for 45° and 90° tilt angles.
Moreover, the thermal resistances were almost the same for −45°
and −90° tilt angles at a given heating load, meaning that the working
performances of the ﬂat heat pipe are almost the same. The same
behavior could be observed for positive tilt angles. For 0° tilt angle
and heat loads not exceeding 60 W, the thermal performance of the
ﬂat heat pipe was similar to that in the negative orientation; at relatively high heating inputs (more than 60 W), the evaporator
temperature and the thermal resistance roughly showed the same
changing trend as that for positive tilt angles. In general, due to the
high capillary force and low ﬂow resistance provided by the ﬁne
hybrid powder coupled with a relatively high ﬁlling ratio of working
liquid, the performance of the ﬂat heat pipe at horizontal position
lies between the negative and positive positions.

Leff
AΔT

Leff
Q,
L

(4b)

where Q is the heating input power; Leff is the distance between the
center of the evaporator and the location of the thermocouple farthest from the evaporator. L and A are the total length and the cross
section area of the ﬂat heat pipe, respectively; ΔT represents the
temperature difference along the Leff. It should be noted that Eq. (4b)
calculates the portion of the heat load dissipated from the surface
where the thermocouples are located. Fig. 11 plots the calculated
effective thermal conductivities of copper plate and of heat pipe.
Since Eq. (4) calculates roughly the effective thermal conductivity
of a heat pipe heat spreader, a 3D heat conduction model has been
established to validate the formula in this work and results are also
plotted in Fig. 11 (referring to the Appendix for the detailed 3D
model). Plotting shows that the effective thermal conductivity of
the ﬂat heat pipe increased with the increase of the heating input,
reaching a maximum value of 1617 W/(m·°C) at the maximum heat
load of 8.80 W. The effective thermal conductivity of the copper plate
was almost the same for different testing cases.
The error of copper effective thermal conductivities (known as
conductivity, 380 W/(m·°C)) calculated by Eq. (4) compared to the
3D model is less than 10%. This difference depends on two main
factors: the uncertainty of the actual heat load and the inﬂuence
of the spanwise heat conduction. However, Eq. (4) gives a simple
and straight approach to calculate the effective conductivity with
measured data.
Fig. 12 shows the comparison of the temperature distributions
on the external surface of the heat pipe and that of copper sheet
opposite to the heating side. For both cases, the comparisons between
the 3D simulations and the infrared measurements are shown. The
difference of the measured and simulated temperature magnitude
is less than 1 °C for both cases. In summary, the novel ﬂat heat pipe
has a much more even temperature distribution than copper and
the highest temperature in heat pipe is quite lower than copper

5. Performance assessment under air natural convection
The thermal performance of the ﬂat heat pipe in the horizontal orientation has been evaluated under air natural convection
condition for portable electronics applications. A 10 mm × 10 mm
ceramic heater was attached to the upper surface of the ﬂat heat
pipe by using a layer of 0.1 mm-thick double-faced adhesive tape
with a thermal conductivity of 1.5 W/(m·°C). The external surface
of the ﬂat heat pipe was entirely exposed to air. For all heating inputs,
the ambient temperature value was kept at 25 ± 1.3 °C and the heat
loss by natural convection and thermal radiation from the heater

(4a)

Fig. 11. Effective thermal conductivity under different heat loads.
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Fig. 12. Comparisons of temperature distributions at 8.80 W: (a) heat pipe; (b) copper.

under the same heat load (e.g., about 8 °C at 8.8 W measured at the
heating side).

here in detail. As shown in Fig. A1, a three-dimensional steadystate heat conduction model was used for the present study.

6. Conclusions

∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞ ∂ ⎛ ∂T ⎞
+ ⎜λ ⎟ = 0
λ
⎜λ ⎟ +
∂x ⎝ ∂x ⎠ ∂y ⎝⎜ ∂y ⎠⎟ ∂z ⎝ ∂z ⎠

A copper-water ﬂat heat pipe composed of a novel wick structure has been fabricated and investigated. Its working performance
has been evaluated under different heat loads, cooling water temperatures, and tilt angles. Experimental results indicate that the heat
pipe could effectively dissipate 120 W (~100 W/cm2) in the horizontal orientation. And a minimum thermal resistance of 0.196 °C/W
was measured at 108 W, less than one ﬁfth of that of the copper
plate with the same dimension. Tests qualitatively showed that there
exists an optimal cooling water temperature at which the ﬂat heat
pipe reaches its best performance.
Furthermore, the proposed ﬂat heat pipe has much better performance than thin copper sheet under air natural convection
condition for portable electronics cooling, reaching an effective
thermal conductivity more than 4 times of copper.

This equation is subjected to the following thermal boundary conditions (refer to Fig. A1):

z = 0, 0.015 ≤ y ≤ 0.025, and − 0.005 ≤ x ≤ 0.005, − λ

∂T
=q
∂x

(a-2a)

on the other surfaces, − λ

∂T
= α (T − T0 ) + εσ (T 4 − T04 )
∂x
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Appendix
The 3D heat conduction model used in this investigation about
the heat spreading in the heat pipe or copper sheet is presented

(a-1)

Fig. A1. 3D heat conduction modeling.

(a-2b)
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Q
Q
; the emissivity of the surface was chosen as
=
A 1 × 10−4
0.45 for the oxidized copper and 0.95 for the black paint (here we
pasted a black paint on the external surface of the tested articles
for IR photography and the emissivity was set by referring to the
textbook [33] and using a one-dimensional thermal balance analysis); σ is the Stefan–Boltzmann constant σ = 5.669 × 10 −8 W/
m2·K4. Here, the conductivity λ will be determined from matching
the temperature distributions with the measured data.
Equation (a-2a) yields the third boundary condition, and the
natural convection heat transfer coeﬃcient α is adopted from the
well-accepted correlations proposed by W. H. McAdams [34] for ﬂuid
natural convection on a horizontal heated surface:
where q =

on the upper side, Nu = 0.54 Ra f 0.25

(a-3a)

on the bottom side, Nu = 0.27Ra f 0.25

(a-3b)

where Ra f is the Raleigh number, Ra f = Grf ⋅Pr , and Grf is the Grashof
number,

β ⋅ ΔT ⋅ g ⋅ ( L )
υ 2f

3

Grf =

(a-4)

L is the characteristic length of the domain (here L = 100 mm), β = 1/
T, g = 9.8, ΔT = T − T0 , and υ f is the kinetic viscosity of the ﬂuid.
Nomenclature
A
g
L
k
q
Q
R
T
α
β
ε
λ
υ

Cross-section area, m2
Acceleration of gravity
Length, m
Effective thermal conductivity, W/(m·°C)
Heat ﬂux, W/m2
Heating load, W
Thermal resistance, °C/W
Temperature, °C
Heat transfer coeﬃcient, W/(m2·°C)
Volume coeﬃcient of expansion, 1/K
Emissivity
Thermal conductivity, W/(m·°C)
Kinetic viscosity, m2/s

Subscript
e
Evaporation
c
Condensation
v
Vapor
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