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An experimental investigation has been carried out to compare the enhancement in the thermal performance of
sintered andmeshwick heat pipes by varying theworkingfluid, inclination angle andheat input. Similar geomet-
rical specifications of 12, 330 and 1 mm respectively are selected for the outer diameter, length and wick thick-
ness and kept constant for both sintered and mesh wick heat pipes. The study focuses on changes in surface
temperature distribution, thermal resistance and effective thermal conductivity of heat pipes. The results showed
that the maximum reduction in surface temperature is obtained for sintered wick heat pipe at 45° tilt angle and
60° formeshwick heat pipewith CuO/DIwater nanofluid concentration at 1.0wt.% for both the cases. The reduc-
tion in thermal resistance of sinteredwick heat pipe is 13.92% higher comparedwithmeshwick heat pipe for the
same heat input, mass concentration and inclination angle. Presence of CuO nanoparticles in DI water and in-
creasing heat input tremendously increases the thermal conductivity of heat pipes. An important observation
from this study is the sole effect of sintered wick in heat pipe not only reduces the thermal resistance but also
increases the heat transport capacity up to 20 W compared with that of mesh wick.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Phase change heat transfer is suitable for transferring large amount
of heat compared with single-phase convective heat transfer. This is
because the heat transfer coefficient associated with the boiling and
condensation processes are high. Heat pipe is one of such a passive
device, which works on the principle of phase change heat transfer.
The contribution of heat pipe to the engineering field is remarkable
and some of the applications are electronics cooling [1,2], solar heaters
[3], air conditioning [4] and HVAC system [5]. Particularly, electronic
field is the fast developing one and the heat dissipation in electronic
devices is the major problem up-to-date. The performance of heat
pipe is limited to the thermal properties of working fluid. Recently,
the nanofluids are used to improve the performance of heat pipes
instead of conventional fluid. Various authors reported the use of
nanofluids instead of base fluids led to a massive reduction in heat
pipe thermal resistance [6–8] andwall temperature [6,8,10],meanwhile
increase in the thermal conductivity [9,11,12] of heat pipe. Hussein et al.
[13] conducted an elaborative review on the heat transfer enhancement
and hydrodynamic characteristics of nanofluids. They concluded that
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the thermal properties of solid nanoparticles enhance the hydrodynamic
and heat transfer characteristics of the base fluid. Bahiraei [14] presented
an overview on different numerical approaches for simulation in
nanofluids. The authors suggested that the use of two phase approach
would give better understanding of nanofluids than single phase ap-
proach. Loh et al. [15] conducted a study on heat pipes with different
wick structures viz. mesh, grooved and sintered metal powder. The
test was conducted with increasing power input and the heat pipe
orientation was varied from −90° to +90°. They concluded that the
sintered powder metal wick structure performance was better com-
pared with mesh and grooved wicks. This is due to the good capillary
action in sinteredwicks. Putra et al. [16] tested the thermal performance
of screen mesh wick heat pipe using Al2O3, TiO2 and ZnO nanoparticles
in DI water and ethylene glycol base fluids. They observed a decreasing
trend in the temperature difference of the heat pipes with increasing
concentrations of Al2O3 nanofluids.

Tsai et al. [17] investigated the thermal performance of circularmesh
wick heat pipe with Au/DI water nanofluid. The authors reported a
reduction in thermal resistance with gold nanofluid compared with DI
water. Kempers et al. [18] conducted an experimental study in mesh
wick heat pipes by varying the number of wick layers, 1, 2, 3 and 6.
They found that the performance of heat pipe was maximum with
three layers of mesh wick and observed the lowest thermal resistance.
Kumaresan et al. [19] experimentally investigated the thermal
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Fig. 1. (a) Particle size distribution and (b) Zeta potential analysis of CuO/DI water
nanofluid.

Nomenclature

A surface area (m2)
D outer diameter (mm)
d particle size (nm)
I current (A)
k thermal conductivity (W/m°C)
L length (mm)
Q heat supplied (W)
R thermal resistance (°C/W)
T temperature (°C)
V voltage (V)
ΔT temperature difference (°C)

Subscripts
c condenser
c/s cross-sectional
e evaporator
hp heat pipe
s surface

Greek symbols
θ inclination angle (°)
μ dynamic viscosity (cP)
ω weight fraction (wt.%)
Δ increment
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characteristics of copper sintered wick heat pipe with CuO/DI water
nanofluids. The authors compared the surface and vapor temperatures
of heat pipe and they observed a difference of 5.1 °C at the evaporator
section. Kang et al. [20] experimentally investigated the thermal perfor-
mance of sintered wick heat pipes with 10 and 35 nm size silver nano-
particles. It was found that the addition of nanoparticles considerably
reduced the temperature difference between the evaporator and con-
denser ends and enhanced the heat transfer capacity of heat pipe up
to 28.6% compared with DI water. Liu and Zhu [21] studied the perfor-
mance of horizontal mesh wick heat pipe with different concentrations
of CuO/DI water nanofluids at subatmospheric pressures. An optimum
concentration of CuO nanoparticles and lower operating pressure
were found to increase the heat transfer rate of heat pipe. Kumaresan
et al. [22] indicated in their review, that the use of nanoparticles in the
conventional fluid diminished the heat pipe dry out problems and
increased its heat transport capacity. They also reported that the heat
pipe orientation plays an effective role on its performance.

Based on the literature review, it is concluded that the suspension of
nanoparticles in base fluid improves the thermal performance of heat
pipes. There are many references available in heat pipes with mesh
and sintered wicks, but none of them compared the thermal perfor-
mance using these two wicks at fixed geometric and operating condi-
tions. The effect of tilt angle on the performance of heat pipe using
nanofluid is notmuch reported. This study effectively compares the per-
formance of heat pipes viz. surface temperature distribution, thermal
resistance and thermal conductivity using sintered and mesh wick
structure, varying the working fluid, inclination angle and heat input.

2. Nanofluid preparation and its thermophysical properties

The surfactant free CuO/DI water nanofluid is prepared using a two-
step method. Commercial CuO nanoparticles supplied by Alfa Aesar,
USA is used in this study. The particles are spherical in shape and the
maximum size is within 50 nm. The prepared solution is kept in an
ultrasonicator for a duration of 1 h with 45 kHz frequency for better
stability. Fig. 1(a) depicts the particle size distributions of CuO nanoparti-
cles dispersed in DI water. The size of CuO nanoparticles has already been
measured by the present authors and reported [19] using X-ray diffrac-
tion analysis. The Scherrer's formula is used to find the particle size and
the result showed that the size of the particles does not exceed 39.1 nm.
Further, a stability test has also been conducted for the mass concentra-
tion of 1.0% by keeping the prepared nanofluid statically for 60 days.
After 60 days, a dynamic light scattering analysis (Zetasizer Nano ZS-
Malvern) was conducted and from the results, the size of the nanoparti-
cles was found to be around 250 nm. The increased size of the nanoparti-
cles may be due to the slight agglomeration during the stability period.
The prepared sample is kept for 60 days and no separation line was
found between the nanoparticles and water. However, to ensure the
stability of nanofluid, a Zeta potential test is conducted by Zetasizer and
is shown in Fig. 1(b). The value for the given sample is +31.4 mV (a
value above ±30 mV is believed to have good electrostatic stability),
which confirms that thequality of the prepared sample is good and stable.

The thermophysical properties of the working fluid can be improved
by the dispersion of CuO nanoparticles in the base fluid, mainly due to
the enhancement in the thermal conductivity. Also, the addition of CuO
nanoparticles increases the viscosity of working fluid and higher viscosity
createsmore restriction to thefluid flow. Hence, the thermal conductivity
and viscosity of working fluid are experimentally measured. The thermal
conductivity of CuO/DI water with different mass concentrations, viz. 0.5,
1.0 and 1.5 wt.% are measured by a KD2 Pro thermal properties analyzer
(Decagon Devices, Inc., USA). The increases in the value of thermal
conductivity for 0.5, 1.0 and 1.5 wt.% of CuO nanofluids are 0.96, 2.37
and 5.08% respectively. A Brookfield viscometer is used to measure the
dynamic viscosity of nanofluid and it increases with mass concentration
of CuO nanoparticles. The increases in viscosity for 0.5, 1.0 and 1.5 wt.%
of CuOnanofluids are 8.91, 11.67 and 16.46% respectively. Rise in temper-
ature of the working medium gradually reduces the viscosity and a max-
imum reduction of 54.93% is found for 1.5wt.% of CuO/DIwater nanofluid
at 80 °C compared with 33 °C.
3. Heat pipe test rig and experimentation

The heat pipe used in this study has a length of 330 mm, an outer
diameter of 12 mm and a thickness of 1 mm with copper as the pipe
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Fig. 2. Cross-sectional view of sintered and mesh wick heat pipes captured by digital camera (a) Front view and (b) Side view.
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material. Totally eight heat pipes are used in this work, four heat pipes
are made with sintered wicks and the remaining four with mesh
wicks. In both the cases, one heat pipe is filled with DI water and the
other three with CuO nanofluids. The wick thicknesses of both the
heat pipes are maintained at a constant value of 1 mm. The screen
mesh wicks are scrolled into cylindrical shape and tightly affixed with
the inner surface of heat pipe, a thin stainless steel spring is inserted
with a wire diameter and pitch of 300 μm and 10 mm respectively.
Fig. 2 represents the detailed cross-sectional view of both sintered and
mesh wick heat pipes. Five T-type thermocouples are attached over
the surface of heat pipe, two at the evaporator section, one at the
adiabatic section and the remaining two at the condenser section. The
condenser section is cooled by liquid water to extract more amount of
heat from the heat pipe compared with air cooling. The operating pres-
sure and the quantity of working fluid filled in both sintered and mesh
wick heat pipes are kept constant as 13.45 kPa and 7.3 ml respectively.
Heat dissipation to the surrounding is minimized by insulating the test
section using glass wool.
Fig. 3. (a) Layout of heat pipe test sec
Experiments are conducted with MWHP and SWHP using DI water
and three different concentrations viz. 0.5, 1.0 and 1.5 wt.% of CuO/DI
water nanofluids. Fig. 3a & b shows the digital image of heat pipe test
section experimental setup. The setup consists of an auto transformer,
Caddo digital multimeter, variable angle holder, temperature control
unit, Eureka Loflo meter (MG.9) and a data logger (Agilent) connected
to a personal computer. Approximately 45 min duration is maintained
between each heat input increment. The heat input starts from 10 W
with an increment of 10 W till the heat pipe reaches dry out (SWHP
with 1 wt.% CuO/DI water nanofluid reaches dry out at a maximum of
160 W). The heat pipe inclination angle is varied using a variable
angle holder from its horizontal axis to 30, 45, 60, 75 and 90°.

4. Results and discussions

Experiments are conducted with sintered wick and mesh wick heat
pipes till dry out conditions are attained. Steady state conditions are
maintained throughout the study. For both the cases, heat input
tion and (b) Experimental setup.
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Fig. 4. (a–f) Surface temperature distribution in SWHP and MWHP for different concentrations of CuO/DI water nanofluids and inclination angles (Heat input — 100 W).
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(10–160 W), kind of working fluid (DI water and CuO/DI water
nanofluids) and tilt angle (0, 30, 45, 60, 75 and 90°) are varied and the
effect of these parameters on the surface temperature distribution,
thermal resistance and effective thermal conductivity is compared and
analyzed. The enhancement for MWHP using CuO nanoparticles is
from 100 to 120 W for horizontal position and it rises up to 140 W
when the heat pipe is tilted. Another interesting observation is that
the use of sintered wicks reduces the surface temperature and thermal
resistance and improves the heat transport capacity compared with
mesh wick. The heat transport capacity reaches a maximum of 160 W,
when nanofluid is used and the heat pipe is tilted.

4.1. Surface temperature distribution

The surface temperature distribution in the SWHP andMWHP along
the axial length is shown in Fig. 4(a–f). The results are plotted for 100W
heat input, because the MWHPwith DI water reaches dry out condition
at horizontal position after 100 W. Surface temperature distribution of
the heat pipes has a strong influence on the heat transport capacity
and the performance. In horizontal position with DI water as working
fluid, the surface temperature of SWHP is lower thanMWHP.Higher nu-
cleate boiling heat flux is obtained in sintered wick heat pipe because of
its higher porositywhen comparedwith that of themeshwickheat pipe
(Fig. 7c).When CuO nanoparticles are dispersed in DI water, the surface
temperature is significantly reduced throughout the heat pipe. It is
clearly seen from all the graphs that the temperature distribution of
both SWHP and MWHP using DI water is always higher than the CuO
nanofluid heat pipes irrespective of the inclination angle. The reductions
in temperatures of the evaporator section of SWHP at horizontal
position are 3.1, 4.2 and 3.4 °C for 0.5, 1.0 and 1.5 wt.% of CuO/DI
water nanofluid respectively compared with the base fluid, contrarily
it is low i.e., 2.1, 3.4 and 2.9 °C for MWHP. This clearly shows that the
CuO/DI water nanofluid reduces the surface temperature. The presence
of high thermal conductivity nanoparticles in the working fluid
improves its heat carrying capacity and enhances the boiling heat flux.
In both the heat pipes, the maximum reduction in surface temperature
is attained at 1.0 wt.% of CuO/DI water nanofluid and it decreases for
mass concentration of CuO nanoparticles beyond this level (1.5 wt.%).
Excess nanoparticles in the base fluid increase the fluid density, viscos-
ity and thus create high flow resistance. It is concluded that a mass
concentration of 1% produces better results and it is taken as optimum
weight fraction.

Tilt angle has a strong influence on the surface temperature distribu-
tion of both SWHP and MWHP. The surface temperature gradually re-
duces with the increasing tilt angle. Interestingly the maximum
reduction in temperature for both the heat pipes occurs at different
orientations viz. 45° for sintered wick and 60° for mesh wicks. The var-
iation in the temperature distribution is mainly due to the gravitational
effect. The effect of gravity is more on sintered wick structure and it is
observed that the copper sintered wick has good capillary action. For
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Fig. 5. (a–f) Thermal resistance variations of SWHP and MWHP for different concentrations of CuO/DI water nanofluids and inclination angles.
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SWHP with 45° tilt angle the maximum reductions for 0.5, 1.0 and 1.5
wt.% of CuO/DI water nanofluids are respectively 4.2, 6.1 and 4.8 °C
comparedwith DI water. Whereas for the same conditions, the temper-
ature reductions obtained for MWHP are only 2.7, 4.8 and 3.1 °C. Even
though the MWHP reaches its optimum performance at 60° tilt angle
(3.4, 5.2 and 3.9 °C), its performance is still lower than the sintered
wicks which are 3.8, 5.5 and 4.2 °C. It indicates that the SWHPs have
better heat transport capacity than MWHP. Whenever the heat pipes
are tilted beyond the optimum value or closer to the vertical position,
the surface temperature distribution is increased. This is because, tilt
angles beyond 45° for SWHP and 60° for MWHP induce quick return
of working fluid to the evaporator which leads to the increase in
temperature in the evaporator section.

4.2. Thermal resistance of heat pipes

Thermal resistance of a heat pipe is defined as the ratio of surface
temperature difference between the evaporator and condenser sections
and the heat input, where Q = V × I. It is given by

Rhp ¼ Te; s−Tc; s
Q

ð1Þ
Fig. 5(a–f) represents the thermal resistance vs heat input of SWHP
andMWHPwith DIwater, varyingmass concentrations of CuO/DIwater
and inclination angles. The graphs show that the thermal resistance of
SWHP is lower thanMWHP for all the cases. This is because the number
of pores in the sintered wick surfaces is high and it encourages the
nucleate boiling in the evaporator section compared with mesh wick
surfaces. Thermal resistance has inverse proportionality with heat
input and hence both SWHP and MWHP have high thermal resistance
at low heat loads. This happens due to the formation of liquid layer in
the evaporator section at low heat inputs and this layer disappears
when the heat input is increased. All the figures show a rapid reduction
in thermal resistance with heat input. When the heat load is increased
from 10 W to 140 W, the reductions in thermal resistance achieved
are respectively 76.58 and 67.22% for SWHP and MWHP for 1.0 wt.%
of CuO/DI water at 45° tilt angle.

Addition of CuO nanoparticles with different weight fractions signif-
icantly reduces the thermal resistance for both types of heat pipes.
During the boiling process, the addition of CuO nanoparticles deposited
on the wick surface modifies the surface characteristics i.e., reduces the
solid–liquid contact angle. Normally, the contact angle and surfacewet-
tability are having inverse proportionality [23]. Therefore, dispersion of
CuO nanoparticles in the base fluid increases the surface wettability.

image of Fig.�5


Fig. 6. (a–d) Effective thermal conductivity of SWHP and MWHP under varying weight fractions of CuO nanofluids, tilt angles and heat inputs.
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Maximum reductions in thermal resistance observed at 45° tilt angle for
0.5, 1.0 and 1.5wt.% of CuO/DIwater SWHPare respectively 23.12, 49.64
& 31.37%, whereas for MWHP the values are 18.44, 35.44. & 21.23%. In
both the heat pipes, the optimum weight fraction of nanofluid is
found to be 1 wt.%. Inclination angle of heat pipes has a significant effect
on the thermal resistance. Compared with the horizontal position, a re-
markable reduction is observedwith increasing tilt angle. It is gradually
reduced and amaximum reduction is obtained at 45° for SWHP and 60°
forMWHP. At 100Wheat input, 45° orientation is comparedwith 0° for
SWHP and the results are 19.94, 27.75, 41.20 and 34.06% reduction
using DI water, 0.5, 1.0 and 1.5 wt.% of CuO/DI water, the corresponding
values for MWHP are 15.23, 21.98, 31.92 and 27.90% respectively.
Even though 60° tilt angle and 1 wt.% are optimum for mesh wick, the
reduction observed (36.86%) is less than that of sintered wick. Tilt
angle beyond this optimum value results in higher thermal resistance.
The reason for this deterioration is the same as that discussed in
Section 4.1. From Fig. 5, it is observed that the dry out condition of the
heat pipe is delayed by the dispersion of CuO nanoparticles and inclina-
tion angle. At 45° inclination and 1.0 wt.% of CuO nanofluid, the dry out
occurs at 140 W and 160 W for mesh and sintered wick heat pipes re-
spectively. This shows an improvement in the heat transport capacity
of 14.28% for sintered wick compared with that of the mesh wick heat
pipe.

4.3. Effective thermal conductivity

The effective thermal conductivity of a heat pipe depends on the
heat input, surface temperature difference between the evaporator
and condenser sections, length and cross-sectional area. It is given by
the following equation,

khp ¼ Q :L
Ac=sΔTs

ð2Þ

The variations in thermal conductivity of SWHP and MWHP with
respect to different weight fractions of CuO/DI water nanofluids are
shown in Fig. 6(a–d). The applied heat input varies from 10 to 160 W.
To demonstrate in a simplified and an effective way, the results are
picked out and plotted for 30, 60, 90 and 120W only. The thermal con-
ductivity gradually increases with heat input. Basically, heat supplied to
the working fluid enhances its thermal conductivity and thus the heat
pipe thermal conductivity. Moreover, CuO nanoparticles present in the
base fluid also play a significant role in this enhancement. The maxi-
mum enhancements for SWHP at an optimized weight fraction of
1.0% and a tilt angle of 45° for 30, 60, 90 and 120 W heat inputs are
respectively 19.39, 24.64, 29.97 and 36.50% compared with horizontal
position. For the same conditions, MWHP gives the enhancements of
15.25, 19.57, 23.72 and 25.74% only. The maximum thermal conductiv-
ity achieved is about 44,601 W/m°C for SWHP with 1 wt.% of CuO
nanofluid at 120 W heat input and 45° inclination angle. Whereas, the
lowest thermal conductivity obtained is about 8475 W/m°C for
MWHP with DI water at horizontal position. All the graphs show a
higher thermal conductivity for SWHP than MWHP, because the
sintered wick structure has strong capillary action compared with the
mesh wicks.

Dispersion of CuO nanoparticles in the DI water tremendously
increases the thermal conductivity of heat pipes and the maximum en-
hancement is observed for 1.0 wt.% of CuO/DI water combination. For
SWHP with a heat input of 120W and a tilt angle of 45°, the maximum
enhancements achieved for DI water, 0.5, 1.0 and 1.5 wt.% of CuO/DI
water nanofluids are respectively 21.59, 32.03, 42.86 and 36.48% com-
pared with 30W. For the same conditions, the enhancements observed
forMWHP are only 14.56, 21.88, 33.18 and 26.45%. But the performance
is deteriorated for 1.5wt.% because the presence ofmore particles in the
base fluid gives higher viscosity and thus increased flow resistance.
Orientation of heat pipe also significantly enhances the thermal conduc-
tivity. The graphs indicate that the inclination of heat pipe gradually in-
creases the thermal conductivity for both types. Optimum results are
obtained at 45° for SWHP and 60° for MWHP which show that the im-
pact of gravitational force in the mesh wick is higher than the sintered
wick. However, SWHPs with inclination angles of 30, 45, 60, 75 and
90° are compared with the horizontal position for 120 W heat input
and 1.0% mass concentration; it shows the enhancement in thermal
conductivity for the above tilt angles are respectively 27.34, 36.50,
31.83, 29.17 and 22.35% and for MWHP these values are significantly
lower.
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Fig. 7. Characterization of wick structures: SEM image of mesh and sintered wicks (a & b) and optical microscope image (c).
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4.4. Analysis of wick structures

Fig. 7(a & b) represent the Scanning Electron Microscope (SEM)
sintered and mesh wick structures with DI water and 1.0 wt.% of
CuO/DI water nanofluid. Sintered wicks have better pore structure
than mesh wicks as seen from the figures and they make easier for
the liquid to flow from condenser end to evaporator. It is also seen
from Fig. 7(a1) and (b1), that the heat pipeswith DIwaterwick surfaces
are clean and do not have any pore or particle deposition. However, the
use of CuO nanoparticles leads to the formation of a thin porous coating
layer over the sintered and mesh wicks. This layer increases the critical
heat flux by improving the surface wettability and capillary force.
Moreover, Fig. 7(b2) shows that the CuO nanoparticles coated over
the sintered wick are evenly distributed than mesh wick and hence
the function of CuO/DI water nanofluid in the sintered wick is more
effective. Fig. 7(c) represents the pore size distribution of mesh and
sintered wicks captured by an optical microscope. The pore size of the
sintered wick is larger (0.10 and 0.11 mm2) than the mesh wick
(0.08 mm2) and it permits more amount of liquid flow through the
wick structures.
5. Conclusions

The heat transfer performance characteristics of sintered wick and
mesh wick heat pipes are experimentally studied and compared using
CuO/DI water nanofluids at various heat input and inclination angles. It
is found that the heat transport capacity of sintered wick heat pipe is
14.3% more compared with mesh wick heat pipe under the same operat-
ing conditions. Similarly, a higher reduction in the surface temperature of
27.08% is observed for the sinteredwick heat pipewith 1.0wt.% of CuO/DI
water nanofluids compared with mesh wick heat pipe. The inclination
angle and weight percentage of CuO nanoparticles significantly influence
the thermal performance of both the heat pipes. Optimum tilt angles
of 45° and 60° respectively are observed for sintered wick and mesh
wick heat pipes, whereas the optimum weight percentage is the same
(1 wt.%) for both the cases. At these optimum conditions, a reduction in
thermal resistance of 49.64% and 35.44% and an enhancement in the
thermal conductivity of 36.50% and 29.84% are respectively observed for
both sintered wick and mesh wick heat pipes. Based on the observed
results, it is concluded that the thermal performance of sintered wick
heat pipe is better than that of the mesh wick heat pipe.
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