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The thermal performance of
sintered heat pipes is investigated.
GNP nanoﬂuid with 0.1wt%
concentration exhibits the best
performance.
The nanoﬂuid causes the formation
of a thin ﬁlm coating on the wick
surface.
Thermal resistance decreases by up
to 48.4%.
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A B S T R A C T

An experimental investigation has been carried out to examine the thermal, performance of a sintered
wick heat pipe using aqueous graphene nanoplatelets (GNP) nanoﬂuids. The study focuses on changes
in the effects of GNP concentration, heat pipe inclination angle and input heating power. The maximum
reduction in the thermal resistance of a sintered wick heat pipe ﬁlled with 0.1 wt% of GNP is determined to be 48.4% compared with distilled water (DW). The results show that the maximum effective
thermal conductivity enhancements for the heat pipe at a GNP concentration of 0.1 wt% and a tilt angle
of 60° for heat input rates of 20, 40, 60 and 80 W are 23.4, 29.8, 37.2 and 28.3%, respectively, compared
with a horizontal position ( θ = 0° ). It is observed after the experiments that the deposition of GNP creates
a coating on the sintered wick surfaces in the evaporator section. This coating layer increases the surface
wettability, thereby enhancing the thermal performance of the heat pipe.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Problems associated with cooling electronic devices such as
desktop and laptop computers account for a signiﬁcant proportion of design efforts. This is because the products can malfunction
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(H.S.C. Metselaar).
1The ﬁrst and second authors have contributed to the work equally.
http://dx.doi.org/10.1016/j.applthermaleng.2016.02.071
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

when important components like the CPU generate large quantities of heat. In addition, the smaller the size of the electronics, the
more important heat removal becomes [1]. More heat must be
removed per unit surface area as the surface area declines for the
same amount of heat generation. The ﬁeld of heat transfer has
evolved to address issues related to the electronics industries as it
has grown [2].
The heat pipe is a signiﬁcant thermal engineering achievement
due to its unique capability to transfer heat, over large distances
without considerable heat losses [3]. The main heat pipe applications are focused on environmental protection, and fuel and energy
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Table 1
Summary of the heat pipe experiments from the literature.
Investigators

Working ﬂuid

Nanoﬂuid concentration

Test specimen

Enhancement in the thermal
performance (approximate)

Do et al. [20]
Kole and Dey [21]
Septiadi et al. [22]
Wang et al. [23]
Naphon et al. [18]
Kumaresan et al. [2]
Kang et al. [9]
Kim et al. [24]

Al2O3/water nanoﬂuid
Cu/water nanoﬂuid
TiO2, Al2O3/water nanoﬂuid
CuO/water nanoﬂuid
Ti/alcohol nanoﬂuid
CuO/water nanoﬂuid
Ag/water nanoﬂuid
SiC/water nanoﬂuid

1.0, 3.0 vol%
0.0005, 0.005, 0.05, 0.5 wt%
1, 2, 3, 4, 5 vol%
0.5, 1.0, 1.5, 2.0 wt%
0.01, 0.05, 0.1, 0.5 vol%
0.5, 1.0, 1.5 wt%
0.001, 0.01, 0.1 wt%
0.01, 0.1 vol%

Copper tube (Ø: 4 mm, L: 300 mm)
Copper tube (Ø: 10 mm, L: 300 mm)
Copper tube (Ø: 6, 8, 10 mm, L: 200, 300, 400 mm)
Copper tube (Ø: 8 mm, L: 350 mm)
Copper tube (Ø: 15 mm, L: 600 mm)
Copper tube (Ø: 12 mm, L: 330 mm)
Circular heat pipe (Ø: 6 mm, L: 200 mm)
Stainless steel 316L tube (Ø: 19 mm, L: 1000 mm)

65%
15%
24%
40%
11%
30%
35%
46%

savings [4]. Heat pipes are effective thermal options in applications requiring high heat ﬂuxes, and also in situations where there
is limited airﬂow over heat generating parts, is a non-uniform heat
loading and are weight or space limitations [5].
Most of the previously reported work on heat pipes has been
carried out for mesh wick heat pipes. Little research has been reported on metal powder sintering in heat pipes, even though it
creates good capillary action inside them [6]. The thermal performance of heat pipes is limited by thermal properties of the working
ﬂuid, heat pipe size, wick structure/capillary pumping ability, operating pressure, dry out condition, entrainment, etc. Recently, it
has been demonstrated that the use of nanoﬂuids as a working ﬂuid,
instead of a conventional ﬂuid, can improve heat pipe performance and can mitigate other limitations [7,8]. A nanoﬂuid is a
homogenous suspension of nanoparticles in a base ﬂuid including
oil, distilled water (DW), and possibly others. Nanoﬂuids are promising heat exchange ﬂuids for enhancing heat transfer due to their
high thermal conductivities [9]. Various researchers have reported that the use of nanoﬂuids instead of base ﬂuids signiﬁcantly
reduces the wall surface temperature and thermal resistance of a
heat, pipe, while increasing its the effective thermal conductivity
[10]. The main beneﬁt of replacing classical working ﬂuids inside
heat pipes with nanoﬂuids is the major increase in heat transfer [11].
Proponents of nanoﬂuids therefore suggest that they can signiﬁcantly improve the thermal performance of heat pipes, if employed
as working ﬂuids [12].
Many researchers have investigated the effects of nanoparticle
characteristics and concentrations on the thermal performance of
heat pipes for various base ﬂuids and operating conditions [9]. Some
researchers report that the dispersion of nanoparticles in the working
ﬂuid greatly improves the thermal performance of the heat pipe and
its heat transfer capacity [13]. Additionally, dry out conditions are
improved by using nanoﬂuids in a heat pipe [7]. Investigations of
the various types of nanoparticles (including CuO, Al2O3, TiO2, ZnO,
CNT) usable in heat pipes demonstrate that, when the concentration of nanoparticles in the distilled water (DW) increases, the wall
temperature of the heat pipe decreases under various heat loads
[14]. Some researchers found that, when a nanoﬂuid is used as a
working ﬂuid in a heat pipe, the surface temperature of the evaporator section is reduced by up to 7 °C [10].
Tsai et al. [4] studied a gold (Au) nanoﬂuid and found the thermal
resistance ranges between 0.17 and 0.215 °C/W. Their experimental results indicate that the total thermal resistance of heat pipes
is lower when the working ﬂuid is a nanoﬂuid than when it is DW.
Research has been reported for various types of heat pipes, including screen meshed, sintered and grooved, to determine the effect
of varying working ﬂuid [13,15]. Kang et al. [16] studied the thermal
performance of a heat pipe using an Ag nanoﬂuid and indicated that
that nanoﬂuid is suitable for cooling devices with high heat ﬂuxes.
Ma et al. [17] investigated a pulsating heat pipe ﬁlled with a diamond
nanoﬂuid and achieved a thermal resistance of 0.03 °C/W at 336 W
input power. Naphon et al. [18] examined a TiO2/alcohol nanoﬂuid,

for a heat pipe, and compared it to heat pipes using alcohol and DW
as working ﬂuids. Those authors focused on the effects of heat ﬂux,
nanoﬂuid concentration, ﬁlling ratio (the percentage of the heat pipe
volume ﬁlled by the working ﬂuid) and tilt angle (inclination angle
of heat pipe relative to the horizontal position) on the thermal performance of the heat pipe. They establish that the thermal eﬃciency
of the heat pipe was notably enhanced at a 66% ﬁlling ratio, a tilt
angle of 45° and a nanoﬂuid concentration of 0.1 vol%. Lin et al. [19]
investigated the effects of heating power, nanoﬂuid concentration, ﬁlling ratio of the heat pipe and tilt angle on the thermal
eﬃciency of an Ag/water heat pipe. Their research showed that the
highest thermal eﬃciency and temperature difference between the
condenser and the evaporator sections occurs at a 60% ﬁlling ratio
and a 85 W heat input rate, and that the surface temperature is
reduced by 7.79 °C and thermal resistance reached 0.092 °C/W compared to the case with DW as the working ﬂuid. Table 1 summarizes
the heat pipe tests reported in the literature.
Furthermore, the thermal performance of a heat pipe using a
nanoﬂuid was found to be superior to that using DW. Graphene
nanoplatelet (GNP) nanoﬂuids have several advantages compared
to other types of nanoﬂuids and DW, including high thermal conductivity [25] and convective heat transfer coeﬃcients [26]. But, GNP
nanoﬂuids have not previously been investigated as the working ﬂuid
for sintered wick heat pipes. The present work investigates experimentally the thermal effects of using a GNP nanoﬂuid as the working
ﬂuid for a sintered heat pipe, for which copper powder is sintered
inside the heat pipe surface, in order to improve understanding. The
sintered heat pipe ﬁlled with GNP nanoﬂuid is compared to a similar
heat pipe charged with DW. In this experimental investigation, the
temperature distribution along the heat pipe, the thermal resistance, the effective thermal conductivity, the heat transfer coeﬃcient,
and the entropy generation of heat pipes are investigated when a
GNP nanoﬂuid is used.

2. Experimental method
2.1. Preparation of nanoﬂuid
GNP and distilled water (DW) are used for the preparation of the
aqueous GNP nanoﬂuids. The GNP are Grade C; have a speciﬁc surface
area of 750 m2/g, a thickness 2 nm and a diameter of 2 μm ; and are
prepared by XG Sciences, Inc., Lansing, MI, USA. Field Emission Scanning Electron Microscopy (FESEM) and Transmission Electron
Microscopy (TEM) images of the GNP are shown in Fig. 1. Based on
our previous work [25], the nanoﬂuid samples are prepared by a
two-step preparation method, involving dispersing the GNP in distilled water using an ultrasonication probe (Sonics Vibra, Cell, Ningbo,
China) that has a 20-kHz frequency and a 1200 W output power
supply. The nanoﬂuid concentrations examined are 0.025, 0.05, 0.075,
and 0.1 wt%. All prepared experimental samples show no sign of
sedimentation of the GNP for 600 hours under static conditions.
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and 270 mm (T6) from the closed end of the heat pipe at the evaporator section. The thermocouples measure the heat pipe wall
temperatures, as shown in Fig. 3b. All thermocouples are calibrated prior to the experiments. The thermocouples are connected
to a Graphtec data logger (midi logger gl220) for continuous recording and monitoring of each thermocouple temperature.

2.3. Data reduction

Fig. 1. (a) FESEM image of GNP, (b) TEM image of GNP.

2.2. Experimental set up and test procedure
The experimental set up that is used for evaluating the thermal
eﬃciency of a heat pipe includes a test section, a heating and cooling
unit, a mounting platform with changeable tilt angle, a data acquisition system and a measurement system, as shown in Fig. 2.
The heat pipe test section is made of copper and has an outer
diameter of 12 mm, a wall thickness of 0.5 mm and a length of
300 mm. The thickness of the copper sintered wick of the heat pipes
is maintained at a constant value of 1 mm. Before running the experiment, the heat pipes are initially evacuated by a vacuum pump
and then ﬁlled with equal amounts of DW and GNP nanoﬂuids. The
lengths of the condenser, the evaporator and the adiabatic sections of the heat pipe are each 100 mm. The condenser section of
the heat pipe is made of acrylic tube and has Teﬂon end closures.
The condenser section loop is equipped with a dispensing peristaltic pump (Longer pump), and ﬂow sensors (Omega) to circulate
cooling water from a refrigerated circulating bath (DAIHANbrand® Digital Precise Refrigerated Bath Circulator). To measure the
inlet and outlet temperatures of the condenser section, two K-type
thermocouples (Omega) are used. Heat is applied to the evaporator section that was connected to a DC power supply (KEYSIGHT
Technologies). To reduce heat loss from the evaporator, adiabatic
and condenser sections, the test section is wrapped with several
layers of ceramic ﬁber cloth. The experimental test section is shown
in Fig. 3b.
There are six K-type self-adhering thermocouples (Omega) ﬁxed
at the outer surfaces of the heat pipes (two thermocouples each for
the evaporator, adiabatic and condenser sections) at distances of
20 mm (T1), 70 mm (T2), 130 mm (T3), 170 mm (T4), 230 mm (T5)

The thermal performance of the sintered heat pipe is investigated when the GNP nanoﬂuids are used. An aqueous GNP nanoﬂuid
with various GNP concentrations (0.025, 0.05, 0.075 and 0.1 wt%)
is considered, to permit investigations of the heat transfer coeﬃcient and the thermal resistance of the heat pipe. Each heat pipe
is charged with an equal amount of working ﬂuid (ﬁlling ratio) and
then evacuated by a vacuum pump to a vacuum pressure. The inlet
temperature of the circulating cold water in the condenser section
is maintained at 23 °C with a ﬂow rate of 300 ml/min for all test
conditions. The heat input rate starts at 20 W and increases by increments of 20 W until the heat pipe reaches dry out. The heat pipe
inclination angle is varied from 0 to 90 ° using a variable angle holder.
As expected, based on reports in the literature, the temperature of
the heat pipe drops along with the evaporator and condenser sections (see Fig. 4).
Furthermore, the vapor temperature decreases through the evaporator region and into the adiabatic section due to the decrease in
the vapor pressure and smaller temperature gradient in the vapor
region. In the evaporator section of the heat pipe, the vapor and the
ﬂuid temperatures are lower than the external wall temperature of
the heat pipe, while in the condenser section, the inner wall surface
temperature is lower than the outer surface. This means that the
inner wall surface temperatures of the evaporator and the condenser should be used in the calculation of the heat transfer
coeﬃcients. However, the radial thermal resistance of the copper
heat pipe wall and copper sintered wick are very low ( ∼ 10−3 °C W )
[27], so the outer surface temperature measurements can be used
with an acceptable accuracy in calculating the thermal resistance
and thermal performance of the heat pipe. The overall thermal resistance of heat pipes accounts for various resistances, which are
associated with the temperature drop between the two ends of the
heat pipe (condenser and evaporator section). The temperatures Te,
Tvap and Tc respectively are calculated as follows: Te = (T1 + T2)/2,
Tvap = (T3 + T4)/2, and Tc = (T5 + T6)/2 [10]. The thermal resistance

Fig. 2. Layout of the experimental set up for testing the heat pipe thermal performance.

778

E. Sadeghinezhad et al./Applied Thermal Engineering 100 (2016) 775–787

Fig. 3. (a) Cross-section of the experimental test section, (b) Heat pipe sample used in the experiment.

between the evaporator and adiabatic sections of a heat pipe is
deﬁned as follows:

R=

Te − T a
Q

Q = V × I

(1)

(2)

The evaporator heat transfer coeﬃcient is determined as:

Q
he =
Ae ΔT

(3)

ΔT = Te − Tvap

(4)

where ΔT is the temperature difference between the surface of the
heat pipe and the vapor temperature, and Tvap is the saturated steam

temperature, which can be measured from the surface of the adiabatic section.
The thermal eﬃciency of a heat pipe is the ratio of the heat
removed in the condenser section to the heat supplied in the evaporator section. It is given by:

 p ,w ΔTw
mC
Q
η = c =
V ×I
Q

(5)

Here, Q c is the heat carried away by the cooling water from the
condenser section. Also, m , Cp,w and ΔTw respectively are the mass
ﬂow rate, speciﬁc heat and temperature rise of the cooling water.
Finally, the heat pipe effective thermal conductivity is expressible as:

k eff =

Leff
Acr R

(6)

Leff = 0.5Le + L ad + 0.5Lc

(7)

2.4. Uncertainty analysis
The uncertainties of the measured parameters are evaluated based
on the accuracy of the instruments. All the experimental devices
are pre-calibrated and the uncertainty results are given in Table 2,
with the maximum value listed in each case.

Table 2
Value of uncertainty ranges for selected parameters.

Fig. 4. Schematic of the main heat transfer regions between the evaporator and condenser sections of a heat pipe.

Parameter

Error (%)

Temperature difference
Heated section length
Heat pipe diameter
Heat input
Heat ﬂux
Thermal resistance
Heat transfer coeﬃcient

0.2
2.3
2
3.3
3.2
4.1
3.5
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3.2. Wettability Effects of GNP Nanoﬂuids
The ability of a liquid to maintain contact with a solid surface
is called the wettability effect and relates to the contact angle (θ),
which can be measured. The wettability effect of a working ﬂuid
indicates the degree of solid and liquid wetting that occurs in heat
transfer systems. Some parameters, including surface properties,
time, temperature and working ﬂuid, can have signiﬁcant effects on
the contact angle. Fig. 7 shows that the contact angles of all nanoﬂuid
samples decrease with increasing GNP concentration, increasing the
liquid wettability over the surfaces. The results show that the contact
angle of the base ﬂuid (DW) on the solid surface is 99.6°, and that
this value decreases to 94.7°, 94.3°, 93.8°, and 93.1° for GNP nanoﬂuid
concentrations of 0.025, 0.05, 0.075, and 0.1 wt %, respectively.

Fig. 5. Thermal conductivity ratio of GNP nanoﬂuids as a function of temperature
and concentration.

3. Results and discussion
3.1. Properties of aqueous GNP nanoﬂuids
Reports in the literature suggest that the thermal conductivity
enhancement caused by a nanoﬂuid depends on several factors including particle size, speciﬁc surface area, shape and base ﬂuid.
Therefore, the thermal conductivity of the base ﬂuid (DW) can be
enhanced by the dispersion of GNP in it, mainly due to the thermal
conductivity of the GNP. The thermal conductivity of the GNP
nanoﬂuids with concentrations ranging between 0.025 and 0.1 wt%
are measured by a KD2 Pro thermal conductivity analyzer (Decagon
Devices, Inc., USA) which has a 5% error rate. The relative thermal
conductivity of a nanoﬂuid can be calculated as k rel = kknfbf , where

k nf is the thermal conductivity of the nanoﬂuid and k bf is the
thermal conductivity of the base ﬂuid. Fig. 5 shows the relative
thermal conductivity of aqueous GNP nanoﬂuids as a function of
concentration and temperature, and demonstrates that the thermal
conductivity enhancement is between 12% and 28%.
The viscosity of a nanoﬂuid is an important property that affects
its use in various thermal applications, including heat exchangers
and cooling systems. Fig. 6 shows the viscosity of GNP nanoﬂuids
at various concentrations, as a function of temperature, based on
measurements by an Anton Paar rheometer (Physica MCR 301, Anton
Paar GmbH, Austria), which has a 1% error rate. The viscosity of GNP
nanoﬂuids is seen to decrease between 4 and 44% as temperature
rises from 20 °C to 60 °C, and to rise with increasing GNP
concentration.

3.3. Inﬂuence of selected parameters on wall surface temperature of
heat pipe
The experimental investigations are conducted with sintered heat
pipes until dry out conditions are achieved at the evaporator section.
Surface temperature distributions along the axial length of the heat
pipe for DW as a reference working ﬂuid are shown in Fig. 8a–d for
various conditions. The heat pipe with DW as the working ﬂuid
reaches the dry out condition at a 100 W heat input rate for all conditions. The surface temperature distribution inﬂuences the
performance and heat transport capacity of the heat pipe, which
can be improved by careful selection of working ﬂuid, heat pipe
design and tilt angle. As shown in Fig. 8, the surface temperature
with a DW working ﬂuid is lower for the vertical ( θ = 90° ) position than the horizontal ( θ = 0° ) position.
The vapor temperature at the adiabatic section varies with heat
load and tilt angle. The temperature difference between the condenser and the evaporator sections gradually increases with
increasing heat input rate. This temperature difference decreases
as tilt angle changes from θ = 90° to θ = 60° and then increases as
tilt angle decreases further to θ = 0° . This suggests that tilt angle
strongly inﬂuences the surface temperature distribution of the heat
pipe, and is mainly due to the gravitational force and wick capillary action between the condenser and the evaporator sections. A
heat pipe with a larger tilt angle causes the working ﬂuid to ﬂow
rapidly back to the evaporator section after condensation. But when
there is insuﬃcient time for the condensed working ﬂuid to return
to the evaporator section, dry out can occur.
The effect is also investigated of GNP concentration on the wall
surface temperature for various tilt angles and input powers. Figs. 9
and 10 illustrate the wall surface temperature distribution for a heat
pipe containing various working ﬂuids at heat input rates of 20 W
and 80 W, respectively. The results show that the wall surface temperature of the heat pipe is lower when using the GNP nanoﬂuid

Fig. 6. (a) Relative viscosity ( μnf μbf ), (b) viscosity of GNP nanoﬂuid as a function of temperature for various concentrations.
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0.025 wt%, θ = 94.7°

Base fluid, DW, θ = 99.6°

0.05 wt%, θ = 94.3°

0.075 wt%, θ = 93.8°

0.1 wt%, θ = 93.1°

Fig. 7. Solid–liquid contact angle of base ﬂuid and GNP nanoﬂuids for several concentrations.

as a working ﬂuid than when using DW. For instance, it is observed in Fig. 9, for a tilt angle of θ = 0° and an input power of 20 W,
that the wall temperatures in the evaporator section for GNP
nanoﬂuid concentrations of 0.025 and 0.1 wt% are approximately
0.6 °C and 4.3 °C lower than when the working ﬂuid is DW. But the
surface temperatures of the heat pipe with a GNP nanoﬂuid at the
same conditions and a tilt angle of θ = 90° are 1.8 °C and 6.1 °C lower
for the same two GNP nanoﬂuid concentrations than when the
working ﬂuid is DW.
Fig. 10 indicates that, with increasing GNP concentration in the
working ﬂuid, the wall surface temperature tends to decrease but
the thermal performance of the heat pipe tends to improve. However,
as the applied input heating power increases from 20 W to 80 W,

the heat pipe wall surface temperature increases. As shown in Fig. 10,
the wall surface temperature in the evaporator section reduces to
21.5 °C at an input power of 80 W, a concentration of 0.025 wt% and
θ = 90° compared to the case for a DW working ﬂuid; the temperature decreases to 27 °C for a concentration of 0.1 wt%. Comparing
Figs. 9 and 10, it is seen that the effect of nanoparticle concentration on wall surface temperature is more signiﬁcant than the effect
of input thermal power for the evaporator section. Additionally, the
heat pipe working with distilled water is observed to reach the dry
out condition at an input power of 100 W but the heat pipes with
GNP nanoﬂuids still function up to an input power of 120 W. This
phenomenon is in part attributable to the fact that bubbles block
the return of the working ﬂuid to the evaporator when the heat ﬂux

Fig. 8. Average temperature distribution along heat pipe with a DW working ﬂuid for various heat loads and four tilt angles ( θ ): (a) 0°, (b) 30°, (c) 60°, (d) 90°.
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Fig. 9. Effect of GNP nanoﬂuid concentration on the wall surface temperature distribution of heat pipes at an input heating power of 20 W and four tilt angles ( θ ): (a) 0°,
(b) 30°, (c) 60°, (d) 90°.

is high and lead to dry out of the evaporator section. But at a higher
heat ﬂuxes, the capillary effect and boiling limits are common limitations for heat pipes. Based on results in the literature [28], the
use of nanoﬂuids as working ﬂuids in heat pipes increases the boiling
limit of the heat pipes. Hence, the dry out conditions of the heat
pipe can occur at higher heating powers.
Fig. 11 shows the thermal eﬃciency of the heat pipe with
respect to the heat input for several inclination angles. The thermal
eﬃciency increases with heat load because at higher heat loads
the thermal resistance is lower. The orientation of the heat pipe
has a major inﬂuence on its eﬃciency, which gradually increases

with the tilt angle up to 60°, and decreases after this. Normally,
the movement of vapor from the evaporator to the condenser
section is mainly due to density difference, whereas the return
of condensate to the evaporator region is due to the combined
effect of capillary force in the wick structure and gravity.
When the heat pipe is tilted from its horizontal position, the
gravitational effect signiﬁcantly increases the ﬂow of liquid to
the evaporator section and, for an inclination angle above 60°, the
heat supplied in the evaporator section is inadequate. This leads
to reduced heat transfer in the radial direction and increases the
thermal resistance.

Fig. 10. Effect of GNP concentration on the wall temperature distribution of heat pipes at an input power of 80 W for four tilt angles ( θ ): (a) 0°, (b) 30°, (c) 60°, (d) 90°.
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Fig. 11. Thermal eﬃciency of heat pipe with respect to heat input rate for four tilt angles ( θ ): (a) 0°, (b) 30°, (c) 60°, (d) 90°.

3.4. Inﬂuence of selected parameters on heat pipe thermal resistance
Fig. 12 shows the effect of input heating power and GNP concentration on the total thermal resistance of the heat pipe, when
using DW and GNP nanoﬂuid working ﬂuids. The total thermal resistance of heat pipes is high at low input heating powers and tends
to decrease as input heating power rises. On the other hand, the
total thermal resistance of heat pipes decreases as the concentration of dispersed GNP in the base ﬂuid (DW) rises. Hence, the
addition of GNP to the base ﬂuid signiﬁcantly reduces the thermal
resistance of a heat pipe.
Additionally, Fig. 12 shows that the gravitational force does not
have a major inﬂuence on the thermal performance of heat pipes.

This means that if gravity is the only effective parameter on a heat
pipe, then the vertical position ( θ = 90° ) should have higher thermal
performance. But the results of the present experiments show that
the most advantageous thermal performance for a heat pipes occurs
for a tilt angle of θ = 60° . This is supported by the fact that the experimental data demonstrate that a tilt angle of θ = 60° has the most
beneﬁcial effect on the total thermal resistance. The total thermal
resistance of heat pipes reaches its minimum value at this angle
( θ = 60° ) for the heat pipes using DW and GNP nanoﬂuids (see
Fig. 12c). The thermal resistance of the heat pipe with a GNP
nanoﬂuid concentration of 0.1 wt%, θ = 60° and a heating power of
80 W is 48.4% lower than for the heat pipe using DW at the same
conditions.

Fig. 12. Effect of GNP nanoﬂuid concentration on thermal resistance of heat pipes for four tilt angles ( θ ) of; (a) 0°, (b) 30°, (c) 60°, (d) 90°.
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a suspension of GNP in the DW enhances the heat transfer ratio.
The heat transfer coeﬃcient for a tilt angle of θ = 60° , an input heat
ﬂux of 21.2 kW/m2 and a GNP concentration of 0.025 wt% is 7.4%
greater than for a DW working ﬂuid and 53% greater than for a GNP
concentration of 0.1 wt%, for the same conditions.
3.6. Effective thermal conductivity of heat pipe

Fig. 13. Overall heat transfer coeﬃcient a DW working ﬂuid vs. heat ﬂux for various
tilt angles.

3.5. Heat transfer coeﬃcient of heat pipe
The heat transfer coeﬃcient of the evaporator section for the DW
is given in Fig. 13, which shows that the heat transfer coeﬃcient
increases with tilt angle and heat ﬂux. The greatest enhancement
of heat transfer coeﬃcient for the case of a DW working ﬂuid occurs
for a tilt angle of θ = 60° and a heat ﬂux of 21.2 kW/m2. Adding GNP
to the DW increases the heat transfer coeﬃcient of the evaporator
section, as shown in Fig. 14.
Fig. 14 shows the heat transfer coeﬃcient at the evaporator
section of a heat pipe as a function of heat ﬂux for various GNP
nanoﬂuid concentrations. It is seen that the heat transfer coeﬃcient of the evaporator section increases with heat ﬂux and nanoﬂuid
concentration. Additionally, heat pipe orientation signiﬁcantly affects
the evaporator heat transfer coeﬃcient, as that coeﬃcient increases with tilt angle to θ = 60° and then decreases as tilt angle
increases further to θ = 90° . However, Figs. 13 and 14 show that the
heat transfer coeﬃcient of the evaporator section is greater when
the working ﬂuid contains GNP instead of just DW, conﬁrming that

One of the most important reasons for using a heat pipe in a heat
transfer system is that it permits a large amount of heat to be transferred at nearly isothermal conditions. Heat pipes are two-phase
heat transfer devices for which the effective thermal conductance
is hundreds of times higher than that of copper. The thermal conductivity of the working ﬂuid affects the heat supply rate and
therefore the heat pipe effective thermal conductivity. Hence, dispersing nanoparticles in the base ﬂuid can signiﬁcantly enhance the
thermal conductivity of the working ﬂuid and the heat pipe. Variations in the effective thermal conductivity of the heat pipe with an
aqueous GNP nanoﬂuid for several heating powers are shown in
Fig. 15. The thermal conductivity of the heat pipe is seen to increase with heat input rate and GNP nanoﬂuid concentration.
The maximum enhancements at a GNP concentration of 0.1 wt%
and a tilt angle of 60° for heat input rates of 20, 40, 60 and 80 W
are 23.4, 29.8, 37.2 and 28.3%, respectively, compared with the horizontal position ( θ = 0° ), and 18.1, 12.7, 17.3 and 19.8%, respectively,
compared with the vertical position ( θ = 90° ). The enhancements
for a GNP concentration of 0.1 wt% and a tilt angle of 60°, compared to the DW working ﬂuid, are 39.6, 62.7, 75.4 and 93.9% for
20, 40, 60 and 80 W heat input rates, respectively. The highest effective thermal conductivity achieved is 3324.8 W/(m·K) for a 0.1
wt% concentration of GNP at a 80 W heat input rate and a 60° inclination angle, while the lowest effective thermal conductivity
obtained is 1020.7 W/(m·K) for DW at the horizontal position.
3.7. Performance analysis of heat pipe
The scope of this part of the experimental study is on investigating the effect of nanoﬂuids on the performance of the heat pipe.
The various factors that contribute to the heat pipe performance

Fig. 14. Effect of tilt angle on heat transfer coeﬃcient in evaporator section for four GNP nanoﬂuid concentrations: (a) 0.025 wt%, (b) 0.05 wt%, (c) 0.075 wt%, (d) 0.1 wt%.
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Fig. 15. Effective thermal conductivity of heat pipe vs. GNP concentration, for several tilt angles and for several input powers: (a) 20 W, (b) 40 W, (c) 60 W, (d) 80 W.

are each examined to ascertain the effects of nanoﬂuids on each
factor and consequently the irreversibility of the overall system. The
working ﬂuid (DW or GNP nanoﬂuid) inside a heat pipe experiences temperature differences between the condenser and evaporator
and, as a consequence of this and other irreversibilities, the heat
pipe performance. As in many thermal ﬂuid systems, entropy generation in a heat pipe is caused primarily by heat transfer across a
ﬁnite temperature difference between the two ends of the heat pipe
and frictional losses in the ﬂow of the working ﬂuid. There is a direct
relation between irreversibility and the amount of lost work during
operation, which is related to the heat pipe performance [29]. The
main factors causing improvements in heat pipe performance are:
1 The temperature difference between the cold (condenser section)
and hot (evaporator section) reservoirs.
2 The temperature drop in the vapor ﬂow.
3 Frictional losses related to ﬂows of the working ﬂuid (in liquid
and vapor phases) in the heat pipe.
The performance analysis for a process can be calculated as
follows [29,30]:

Performance =




Q c Q
−
Tc Te

(8)

where QTcc and QTec are the entropy rates associated with the heat transfer rates of the condenser and the heat source, respectively.
The relation between the performance of heat pipes for aqueous
GNP nanoﬂuids of varying concentrations versus input heating power
are presented in Fig. 16 for several tilt angles. The performance increases as GNP concentration and input heating power increase. This
can be explained by noting that at higher concentrations the GNP
nanoﬂuid has a higher boiling temperature which decreases the air
layer between the ﬂuid and the wick of the heat pipe and raises the
thermal conductivity; this provides a higher heat transfer rate to
the bulk ﬂuid in the evaporator and raises the performance of heat
pipes. The variations are due to the difference between the input


performance ( TQe ) and output performance ( QTcc ) at different nanoﬂuid
concentrations and tilt angles. The following procedures are rec-

ommended for optimizing a heat pipe design: (a) choose the
geometric dimensions of the heat pipe (especially the evaporator
and condenser dimensions) which improve the performance of heat
pipes due to ﬂuid ﬂow; (b) determine the optimum condenser
ambient temperature; (c) calculate the corresponding optimum heat
transfer coeﬃcient in the transport section; and (d) check the performance limitations (capillary, boiling, and sonic limits, etc.) [29].

3.8. Effect of GNP on wick structures
A scanning electron microscope (SEM) is used to conﬁrm that
a thin layer of GNP forms on the surfaces of the sintered wick structure at the evaporator section. This layer of GNP on the heat pipe
wick improves the capillary action of the wick structure and therefore increases the heat transport capacity of the heat pipe. Fig. 17
shows Energy Dispersive X-Ray (EDX) spectroscopy results and Scanning Electron Microscopy (SEM) images of the sintered mesh surface
of the evaporator section after the experiment with working ﬂuids
of DW and 0.1 wt% of GNP nanoﬂuid. The carbon elements in the
EDX results for the sintered wick surfaces indicate that the GNP are
deposited on the surface of the sintered wick. Therefore, from the
SEM image and EDX results, it can be determined that the deposition of GNP and the formation of a coated layer of GNP on the wick
surfaces occurs.

4. Conclusions
The heat transfer and thermal performance of sintered wick heat
pipes is experimentally investigated and compared for various work
using ﬂuids (DW and GNP nanoﬂuids at concentrations ranging from
0.025 to 0.1 wt%), heat input rates and heat pipe inclination angles.
The systematic experiments obtain the surface temperature, thermal
resistance, effective thermal conductivity, heat transfer coeﬃcient
and entropy generation for the heat pipe. Additionally, the dependence of the viscosity and thermal conductivity on temperature is
measured at various temperatures and nanoﬂuid concentrations. The
following conclusions are drawn from this research:
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Fig. 16. Effect of input heating power and GNP nanoﬂuid concentration on the performance of a heat pipe at four tilt angles: (a) 0°, (b) 30°, (c) 60°, (d) 90°.

1 The thermal conductivity of a GNP nanoﬂuid increases with GNP
nanoparticle concentration and working temperature. The enhancement ranges between 12% and 28% for the GNP nanoﬂuid
concentrations considered.
2 The viscosity of a GNP nanoﬂuid is strongly dependent on temperature and is lower than the corresponding viscosity for a DW
working ﬂuid by 4–44%.
3 The wall temperature of heat pipes declines signiﬁcantly as concentration of GNP increases. The maximum reduction in surface
temperature is 27 °C (for a 60° tilt angle, 0.1 wt% nanoﬂuid concentration and 80 W input heating power).
4 Inclination angle and nanoparticle concentration in the working
ﬂuid strongly affect the heat transfer performance of heat pipes.
A tilt angle of θ = 60° yields the best total thermal resistance.
The total thermal resistance of a heat pipe with a 0.1 wt% GNP
nanoﬂuid, a tilt angle of θ = 60° and an 80 W heating power is
48.4% below that for a heat pipe with a DW working ﬂuid at the
same conditions. Also, the heat transfer coeﬃcient for a tilt angle
of θ = 60° , an input heat ﬂux of 21.2 kW/m2 and a 0.025 wt%
nanoﬂuid concentration is about 7.4% more than for a DW
working ﬂuid and 53% more than for a 0.1 wt% concentration,
at the same conditions.
5 The effects of tilt angle on the thermal performance for a heat
pipe are notable. The maximum enhancements in effective
thermal conductivity of a heat pipe at a nanoﬂuid concentration of 0.1 wt% and a tilt angle of 60°, for heat input rates of 20,
40, 60 and 80 W are 23.4, 29.8, 37.2 and 28.3%, respectively, compared with the horizontal position ( θ = 0° ).
6 GNP create a thin coating on the sintered wick surfaces in the
evaporator section of a heat pipe, based on SEM and EDX images,
increasing the surface wettability and enhancing the heat pipe
thermal performance.
Therefore, using a GNP nanoﬂuid in a heat pipe can enhance its
thermal performance and provide the opportunity for reducing its
size for similar conditions and heat transfer loads.

Conﬂict of interest
The authors declare that they have no competing interests.
Authors’ contributions
All authors read and approved the ﬁnal manuscript.
Acknowledgements
This research work has been ﬁnancially supported by the High
Impact Research (MOHE-HIR) grant UM.C/625/1/HIR/MOHE/ENG/
21, and the University of Malaya, Malaysia.
Nomenclature
A
Cp
d
S gen
h
I
k
m
Q
q
R
T
V
v
ΔT

Area (m2)
Speciﬁc heat at constant pressure J/(kg K)
Diameter (m)
Entropy generation rate (W/K)
Heat transfer coeﬃcient W/(m2 K)
Electrical current (A)
Thermal conductivity W/(m K)
Mass ﬂow rate (kg/s)
Heat supply rate (W)
Heat ﬂux (W/m2)
Thermal resistance (K/W)
Temperature (K)
Voltage (V)
Mean velocity (m/s)
Temperature difference (K)

Greek symbols
θ
Angle ( ° )
μ
Dynamic viscosity (Pa·s)
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Fig. 17. SEM and EDX images for sintered mesh wicks after experiments.

Acronyms
DW
Distilled water
GNP
Graphene nanoplatelet
wt%
Weight percentage
Subscripts
ad
Adiabatic
avg
Average
bf
Base ﬂuid
c
Condenser
cr
Cross section
e
Evaporator
en
Entrainment
eff
Effective
hp
Heat pipe
in
Inlet
nf
Nanoﬂuid
np
Nanoparticle
o
Outlet
s
Surface
t
Thermocouple

tot
th
vap
w

Total
Thermal
Vapor
Water
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