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Q	� Input heat (W)
Rv	� Vapor core radius (m)
Ro	� Heat pipe’s outer radius (m)
Rw	� Heat pipe’s inner radius (m)
S	� Entropy (J/K)
Th	� Heat source temperature (K)
Tl	� Heat sink temperature (K)
v1	� Vapor injection velocity (m/s)
v2	� Vapor suction velocity (m/s)

Greek symbols
ɛ	� Porosity of the wick (%)
ρ	� Density (kg/m3)
μ	� Dynamic viscosity (Pa.s)

Subscripts
l	� Liquid phase
v	� Vapor
nf	� Nanofluid
p	� Particle
s	� Solid

Superscript
+	� Dimensionless quantity

1  Introduction

As the industrial technologies upgrade continuously, the 
need for efficient cooling techniques is becoming more 
important and inevitable. Among different cooling tech-
nologies, two phase heat transfer devices have several 
attractive features. Heat pipe as a two phase heat transfer 
device, with high flexibility and effective thermal perfor-
mance, plays a vital role in many industrial applications 

Abstract  In this study, effect of Al2O3 nanofluid on ther-
mal performance of cylindrical heat pipe is investigated. 
An analytical model is employed to study the thermal per-
formance of the heat pipe utilizing nanofluid and the pre-
dicted results are compared with the experimental results. 
A substantial change in the heat pipe thermal resistance, 
effective thermal conductivity and entropy generation of 
the heat pipe is observed when using Al2O3 nanofluid as 
a working fluid. It is found that entropy generation in the 
heat pipe system decreases when using a nanofluid due to 
the lower thermal resistance of the heat pipe which results 
in an improved thermal performance. It is shown that the 
proposed model is in reasonably good agreement with the 
experimental results and can be used as a fast technique to 
explore various features of thermal characteristics of the 
nanofluid based heat pipe.

List of symbols
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P	� Pressure (Pa)
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like cooling of electronic components, aerospace, power 
generation, chemical processes and heat exchanger applica-
tions. In a heat pipe system, a large amount of heat can be 
transferred with a relatively low temperature drop along the 
heat pipe due to double phase change and capillary action 
for pumping the liquid through a porous material. Ther-
mal performance of a heat pipe is linked to the selection 
of working fluid since the properties of the working fluid 
affects the heat transfer capability and capillary action. A 
traditional heat transfer fluid like water is widely used in 
heat pipes, but, it is desirable to enhance its thermal proper-
ties as it has a significant effect on thermal performance of 
the heat pipe and its heat removal capability. For heat trans-
fer applications, using a nanofluid is a desirable solution as 
thermal properties such as higher thermal conductivity and 
critical heat flux can be exploited by nanofluids [1–8]. In 
recent years, researchers have investigated the thermal per-
formance of heat pipes using nanofluids with different nan-
oparticles types and morphologies [9–16]. Liu and Zhu [17] 
experimentally investigated the thermal performance of a 
horizontal mesh heat pipe using aqueous CuO nanofluid. 
They reported 60 % reduction of the thermal resistance at 
1 wt % CuO nanofluid. Wang et al. [18] studied effects of 
CuO nanofluids on thermal performance of a cylindrical 
miniature grooved heat pipe. Their results revealed that the 
maximum heat flux and evaporator heat transfer coefficient 
increased by 35 and 100 %, respectively. Asirvatham et al. 
[19] performed experiments to investigate the effect of Ag 
nanofluid on the thermal performance of a screen mesh 
heat pipe. Based on their experiments, thermal resistance 
of the heat pipe decreased by 76 % at volume concentra-
tion of 0.009 % compared with water. Do et al. [20] carried 
out an experiment to study the heat transfer performance 
of a screen mesh heat pipe using Al2O3 nanofluid. They 
reported a 40 % reduction of thermal resistance at the evap-
orator-adiabatic section at volume concentration of 3  %. 
Huminic et  al. [21] conducted a study to investigate the 
effect of Fe2O3 nanofluid on a two phase closed thermos-
yphon. They found that the thermal resistance decreased 
by 39 % with nanofluid at volume concentration of 5.3 %. 
Naphon et al. [22] performed experiments to investigate the 
effect of TiO2/alcohol nanofluid on an inclined heat pipe. 
Their experiments showed that the thermal efficiency of the 
heat pipe increased by 10.6  % at a tilt angle of 45° with 
nanofluid at a volume concentration of 0.1 %. Gunnasega-
ran et al. [23] investigated experimentally the effect of SiO2 
nanofluid on thermal performance of a looped heat pipe. 
They reported 28–44  % reduction of the thermal resist-
ance with nanofluid at a volume concentration of 3  % at 
different heat fluxes. According to the experimental stud-
ies, higher thermal conductivity of the nanofluids and the 

probability of forming a porous layer on the surface of the 
wick at evaporator section which may improve the capil-
larity and wettability are the main reasons for the thermal 
performance improvement of the heat pipes when using the 
nanofluids. But, the contribution of each phenomenon is 
not fully scientifically understood.

Although, most of the research work on the thermal per-
formance of a heat pipe using a nanofluid is experimental, 
there are few works with an analytical focus on modeling heat 
pipe characteristics in the presence of a nanofluid. A compre-
hensive analytical model, proposed by Zhu and Vafai [24] and 
later modified by Shafahi et al. [25], is used for investigation 
of thermal performance of heat pipes using nanofluids. As the 
authors stated, the proposed analytical model is quite compre-
hensive but it is still derived based on some simplifications. 
For example, the wick is assumed to be fully saturated and 
the liquid film thickness along the heat pipe is assumed to be 
constant and unchanged [25]. The changes of the concentra-
tion of the nanoparticles at different sections of the heat pipe 
are neglected. The reason is that at the same rate of the evapo-
ration, the liquid is supplied from condenser through the wick 
structure. Although some changes in the concentration of the 
nanoparticles at different sections of the heat pipes are una-
voidable, still considering a constant concentration is logical 
as these changes are quite limited.

The results obtained from the proposed comprehensive 
analytical method are compared with experimental results. 
Our intention in this study is to investigate the validity and 
reliability of the analytical model proposed and reported in 
the Ref. [25]. The contribution of this study is to provide a 
clear view regarding the proposed analytical model by com-
paring the results to the experimental results. In this study, 
water based Al2O3 nanofluid at a volume concentration of 
1.3 % is used as a working fluid. Thermal resistance, entropy 
generation and characteristics of wick structure of screen 
mesh heat pipe are investigated to show nanofluids potential 
to improve thermal performance of cylindrical heat pipes.

2 � Analytical analysis

To investigate the effect of a nanofluid as a working fluid 
on the heat pipe performance, an analytical modification, 
which was done by Shafahi et al. [25], is employed to calcu-
late temperature and liquid distributions along the heat pipe.

Considering nanofluid as a continuous media with ther-
mal equilibrium between the base fluid and solid nanopar-
ticles, Navier–Stokes equations for steady two-dimensional 
flow can be solved by integrating momentum equations and 
applying proper boundary conditions [24]. The liquid and 
vapor pressure distributions are determined as
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where υ1 and υ2 are vapor injection and suction velocities, 
respectively. It is noted that the vapor suction velocity is 
determined by the mass balance in the vapor region. Other 
parameters which are used in the analytical correlations, 
Eqs. 1 and 2, are shown in Table 1.

To determine the wall temperature distribution Zhu and 
Vafai [24] used a heat conduction model for the wall and 
wick regions. Employing proper boundary conditions, the 
heat pipe temperature profile can be presented as follow,
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where Q, h and Tb are heat input, convective heat transfer 
coefficient and bulk temperature of the coolant at heat sink. 
The effective thermal conductivity of the porous layer, keff, 
is defined as:

where ε, knf and ks are porosity, thermal conductivities of 
the nanofluid and solid matrix, respectively.

The wall temperature profile and pressure drops, 
obtained analytically, can be employed to determine 
entropy generation in the heat pipe. According to the sec-
ond law of thermodynamics, there are different sources of 
entropy generation due to irreversibility occurring inside 
the heat pipe including friction and transfer of energy over 
a finite temperature difference.

Entropy generation caused by temperature differences 
between the vapor and external reservoirs as well as vapor 
and liquid pressure drops during the process can be pre-
sented in the following form.

(4)keff =
knf

[

(knf + ks)− (1− ε)(knf − ks)
]

(knf + ks)+ (1− ε)(knf − ks)

Entropy generation due to heat transfer [26, 27]:

where Th, Tl and R are heat source and heat sink temper-
atures and the overall thermal resistance of the heat pipe 
which is defined as
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Entropy generation due to vapor pressure drop [26, 27]:
Entropy generation due to the vapor flow friction can be 

formulated as

where the pressure drop and mass are given by,

So,
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where T, ρv, V, Leff, Rv and hfg are temperature, vapor den-
sity, velocity, effective length, vapor channel radius and 
latent heat of vaporization, respectively.

Entropy generation due to liquid pressure drop [26, 27]:
Entropy generation due to the liquid flow friction can be 

formulated as

where the liquid pressure drop along the wick is

So,

where Kpermeability, ρl, μl and Awick are the permeability, liq-
uid density, liquid viscosity and wick cross-sectional area, 
respectively.

In addition to entropy generation analysis, effective 
thermal conductivity is of particular interest to evaluate 
the heat pipe’s thermal performance. The effective thermal 
conductivity of the heat pipe is calculated from:

where A is the total surface area for the heat input in the 
evaporator section and heat removal in the condenser sec-
tion of heat pipe and Leff is the effective transport length 
calculated by [28]:
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A.R

3 � Experimentation

3.1 � Nanofluid

In this investigation, water based Al2O3 nanofluid at vol-
ume concentration of 1.3 %, provided by ItN Nanovation 
AG, was tested while pH value was adjusted to 9.1. The 
morphology and primary particle size were determined 
by transmission electron microscopy (TEM) analysis 
as shown in Fig.  1. In addition, dynamic light scattering 
(DLS) analysis was performed for determination of hydro-
dynamic size of the nanoparticles, as shown in Fig.  2. 
According to TEM images of alumina nanoparticles, the 
particle size was in the range of 100–200  nm while the 
curve broadening in Fig.  2 shows that the hydrodynamic 
particle size distribution for Al2O3 is between 100 and 
400  nm and an average DLS particle size is reported as 
235  nm. Dynamic viscosity and thermal conductivity of 
both the base liquid and nanofluid are measured experi-
mentally using rotating coaxial cylinder viscometer and 
Transient Plane Source-analyzer, respectively. Thermal 
conductivity and viscosity of the working fluids are pre-
sented in Table  2. Our results reveal that thermal con-
ductivity and viscosity of the nanofluid increases by 4.2 
and 19  %, respectively compared with water. Also, it is 
found that Maxwell and Einstein correlations underesti-
mate thermal conductivity and viscosity of the nanofluid, 
respectively.

(15)Leff = 0.5Le + La + 0.5Lc.

Fig. 1   TEM images of alumina nanoparticles [29]
Fig. 2   Hydrodynamic size distribution of alumina NFs measured by 
DLS [29]

Administrator
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3.2 � Experimental apparatus and procedure

The heat pipes, used in this study, are made of a cop-
per tube with length of 200  mm and outer diameter of 
6.35 mm. Each heat pipe has 2 layers of 150 meshes per 
inch and aperture size and wire diameter of screen mesh 
are 0.106 and 0.063 mm, respectively. The evaporator, adi-
abatic and condenser sections of the heat pipes were 50, 
100 and 50 mm long, respectively. To obtain reliable results 
with a high accuracy, the heat pipes were built, evacuated 
and filled at Thermacore Co., a heat pipe manufacturer in 
Europe, as the charge amount and pressure inside the tubes 
have significant influence on the thermal performance of 
the heat pipes.

Experimental test facilities, as shown in Fig. 3, consist 
of a cooling system as a heat sink with constant tempera-
ture bath, a pump (Gear pump, MCP-Z, Ismatec, Swit-
zerland) and flow meter (Coriolis flow meter, CMFS015, 
Micromotion, Netherlands) and a heat source to generate 
uniform heat including a power supply (DC power supplier, 
PSI 9080-100, Elektro-Automatik GmbH, Germany) and 
also a data acquisition system (Agilent 34970A, Malaysia) 
were used to perform the experiments. Five K-type thermo-
couples, mounting two thermocouples at the surface of the 
evaporator, one at the surface of the adiabatic section and 

the rest at the surface of the condenser section, were used 
to measure the heat pipes wall surface temperatures.

The cartridge heaters distributed through the copper 
blocks at the evaporator section to provide uniform heat. 
Thermal grease is applied on the interfaces between the 
copper blocks, heat pipe and cartridge heater to assure the 
good contacts between the copper blocks, heat pipe and 
cartridge heater. The power level which is supplied via a 
power supplier is controlled via a power meter. The con-
denser section of the heat pipe was cooled by re-circulating 
water in a loop. The temperature and flow rate of the cool-
ant were measured and controlled to investigate the cooling 
capacity of the system.

4 � Result and discussion

To investigate thermal performance of heat pipes using a 
nanofluid, a modified analytical method [25] is employed 
and the predicted results are compared with the experimen-
tal ones. Water and water/Al2O3 nanofluid at volume con-
centration of 1.3  % are used as working fluids. To study 
accuracy of the analytical model, evaporator wall tem-
perature and temperature difference between evaporator 
and condenser wall surfaces for heat pipes obtained from 
analytical study are compared with experimental results. 
Figure 4 shows the evaporator wall temperature at different 
heat fluxes for heat pipes containing water and nanofluid. 
The evaporator wall temperature increases with the increas-
ing of the heat flux while the evaporator wall temperature 
of the heat pipe using Al2O3 nanofluid is lower than that 
of the heat pipe using water. In addition, it is observed that 
the analytical model predicts the evaporator wall tempera-
ture with a good accuracy with maximum differences of 1.5 

Table 2   Thermal conductivity and viscosity of working fluid (303 K)

Thermal conductivity (W/
mK)

Viscosity (Pa.s)

Exp. Maxwell Exp. Einstein

Basefluid 0.6155 – 0.00079 –

Nanofluid 0.6415 0.6387 0.00094 0.00082

Fig. 3   Schematic of the experimental apparatus
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and 2.5 % for heat pipes with water and nanofluid, respec-
tively. Figure 5 displays the difference between the evapo-
rator and condenser wall surface temperatures for the heat 
pipes. Comparing the temperature difference results reveals 
that the modified analytical model predictions are in good 
agreement with the experimental results especially at lower 
heat fluxes. From Eq. 3, it is clear that wall temperatures 
along the condenser and evaporator sections are uniform. 
Also, the thermal resistance of heat pipes obtained from 
analytical model is independent of the heat flux. Figure 6 

represents overall thermal resistance of the heat pipes with 
water and nanofluid. Experimental result reveals that ther-
mal resistance of the heat pipes decreases slightly with 
an increase in the heat flux at lower heat flux and remains 
almost constant for most of the heat flux range especially 
for the heat pipe with a nanofluid. The reason for the reduc-
tion of the thermal resistance especially at lower heat load 
is the higher liquid film thickness at the evaporator which 
causes a higher partial thermal resistance of the wick. By 
increasing the heat flux, before the occurrence of dryout, 

Fig. 4   Evaporator wall temperature at different heat fluxes for heat pipes with a water and b nanofluid

Fig. 5   Temperature difference between evaporator and condenser wall surfaces for heat pipes with a water and b nanofluid
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the lowest thermal resistance is observed due to the lower 
liquid film thickness.

Thermal performance of heat pipes strongly depends on 
the working fluid properties as well as the heat pipe dimen-
sions and characteristics. According to Eqs. 3 and 4, work-
ing fluid thermal conductivity has an influence on the effec-
tive thermal conductivity of liquid-wick region. Employing 
working fluid with higher thermal conductivity results in 
higher effective thermal conductivity of the porous wick 
and consequently lower radial conductive resistance. The 
dependency of the thermal resistance of the heat pipes on 
the thermal conductivity of the working fluid is shown in 

Fig. 7. As can be seen, thermal resistance of the heat pipe 
decreases with an increase in the working fluid thermal 
conductivity for all wick porosities.

Figure 8 shows thermal resistance as a function of wick 
porosity and thickness for heat pipes with water and nano-
fluid. As can be seen, the thermal resistance of both heat 
pipes increases with an increase of the wick thickness and 
porosity. An increase in the wick thickness leads to higher 
radial conductive resistance and the resistance increment 
is more dominant at higher thicknesses. For instance, for 
a heat pipe with wick thickness of 0.2 mm, thermal resist-
ance of the heat pipe increases about 3 times when poros-
ity increases from 0.3 to 0.9 while the thermal resistance 
increase is found to be more than 3.5 times for a heat pipe 
with wick thickness of 1 mm. In terms of porosity, thermal 
resistance of the heat pipes increases with an increase in 
the porosity due to the much higher thermal conductivity 
of the wick material compared to the thermal conductivity 
of the working fluid. That is the effective thermal conduc-
tivity of the wick increases when the porosity decreases. 
Average thermal resistance and effective thermal con-
ductivity of the heap pipes are shown in Fig. 9. As can be 
seen, average thermal resistance of the heat pipes decreases 
using nanofluid. The probable reasons for the reduction 
in the thermal resistance of the heat pipe with a nanofluid 
are the effect on the vapor bubbles during bubble forma-
tion by nanoparticles, increasing the wettability and capil-
lary force, increase of heat transfer area in the evaporator 
by forming a thin porous layer of Al2O3 particles on the 
surface of the wick and improvement of effective thermal 
conductivity of wick [27, 29, 30]. In the analytical method 
used in this study, nanofluid effects on the two-phase heat 

Fig. 6   Thermal resistance for heat pipes with a water and b nanofluid

Fig. 7   Thermal resistance of the heat pipe as a function of porosity 
of the wick and thermal conductivity of the working fluid
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transfer at liquid–vapor interface is neglected due to the 
great heat transfer coefficient of the two-phase heat transfer 
which results in a very low thermal resistance. So, the ther-
mal properties improvement of the nanofluid, in particular 
thermal conductivity, is taken into account for the wall tem-
perature distribution calculation. Using nanofluid instead of 
water decreases thermal resistance of the heat pipe by 15 % 
which shows nanofluid potential to be used as a working 
fluid in the heat pipe. From Eq. 14, effective thermal con-
ductivity of the heat pipes are calculated as shown in Fig. 9. 
Results indicate that effective thermal conductivity of the 

heat pipe increases two to three times in comparison with 
copper metal rod and can be improved by using nanofluds.

Working fluid properties have an important influence 
on entropy generation and consequently the amount of lost 
work during the process. In a heat pipe system, there are 
different sources of entropy generation such as tempera-
ture differences between the vapor and external reservoirs 
as well as vapor and liquid pressure drops. Liquid pres-
sure drop along the heat pipe is calculated analytically [25] 
using Eq. 1 and shown in Fig. 10. As can be seen, liquid 
pressure drop increases using nanofluid as it depends on 

Fig. 8   Thermal resistance of the heat pipe as a function of porosity and thickness of the wick for heat pipes with a water and b nanofluid

Fig. 9   Average thermal resistance and effective thermal conductivity of the heat pipes
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liquid viscosity and density. Although both viscosity and 
density increase by adding particles to a base liquid, these 
two properties have opposite effect on liquid pressure drop. 
Higher density results in a lower pressure drop due to the 
reduction of liquid velocity and shear stress, but, increas-
ing working fluid viscosity leads to higher shear rate and 
pressure drop along the heat pipe wick. In this study, work-
ing fluid viscosity and density increase 1.189 and 1.037 %, 
respectively. So, in this case, the increase in viscosity over-
comes the density effect leading to a larger pressure drop.

Figures  11 and 12 show experimental and analyti-
cal entropy generations in heat pipes using water and 

nanofluid. As expected, Fig. 11 shows that entropy genera-
tion increases when the thermal load increases. In addition, 
as can be seen in Fig. 12, an entropy generation reduction 
is observed for the heat pipe when using a nanofluid both 
experimentally and analytically. Although entropy genera-
tion due to liquid pressure drop increases with adding par-
ticles to the base liquid, the reduction in entropy generation 
due to heat transfer overcomes the effect of liquid pressure 
drop. It is due to the great permeability of the heat pipe and 
some order of magnitude higher latent heat of vaporization 
than viscosity of the liquid and also the weak effect of the 
heat flux. An 8 % reduction in average entropy generation 
indicates that the nanofluid improves the heat pipe perfor-
mance based on the second law of thermodynamics.

The influence of nanoparticles concentration on the 
maximum heat load is shown in Fig. 13. As explained by 
Shafahi et al. [25], there is an optimum nanoparticle con-
centration level for a nanofluid which is found to be 5 vol% 
in this study. For the nanoparticle concentration below a 
critical concentration level, adding the nanoparticles to the 
base liquid enhances the maximum heat load while after 
the critical concentration level, the maximum heat load is 
decreased with an increase in the concentration. The reason 
for the existence of an optimum nanoparticle concentration 
level is the opposite roles that density and viscosity have 
in affecting the maximum heat load. As both density and 
viscosity increase with an increase in nanoparticle concen-
tration, the opposite role of density and viscosity on the 
mass flow and pressure loss can result in the existence of 
an optimum particle concentration level. In addition to that, 
the higher maximum heat flux at the heat pipe using nano-
fluid compared to the base liquid is due to the improvement Fig. 10   Liquid pressure drop along the heat pipe

Fig. 11   Entropy generation for heat pipes with a water and b nanofluid
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of the thermophysical properties of the nanofluid and the 
alteration of the characteristics of the evaporator surface at 
the presence of nanoparticles.

According to the results, the use of nanofluid as the 
working fluid of a heat pipe has influence on only a few of 
the partial thermal resistances. The formation of the porous 
layer may lead to extra thermal resistance, but may be com-
pensated by the positive influence of the coated layer such 
as higher capillarity and wettability.

Also, it is logical to assume that the thermal resistance 
of the condenser is not affected by the nanoparticles. The 
reason is that the migration of the nanoparticles from the 

evaporator to the condenser of the heat pipe is impossi-
ble as the liquid flows from condenser to the evaporator 
and also the molecules of the base liquid cannot transport 
the nanoparticles in the vapor section. Another parameter 
which may have influence on the thermal resistance net-
work of the heat pipes when using a nanofluid is the pres-
ence of the stabilizer. The evaporation and condensation of 
the stabilizers depend on their thermophysical properties. If 
the stabilizer evaporates with the working fluid it can affect 
the evaporation and condensation remarkably which should 
be taken into consideration when the influence of a nano-
fluid on thermal performance of a heat pipe is investigated.

5 � Conclusions

Analytical and experimental studies were carried out to 
evaluate the effect of utilizing a nanofluid as the working 
fluid on the thermal performance of the screen mesh heat 
pipe. A water based Al2O3 nanofluid at a volume concentra-
tion of 1.3 % was used and the experimental results were 
compared with those of distilled water. The experimental 
results indicate that the thermal resistance of the heat pipe 
with a nanofluid is lower than that of the base liquid and the 
temperature difference between evaporator and condenser 
decreases as well. The experimental results were consistent 
with the analytical ones. The influence of the geometrical 
characteristics of the wick including thickness and poros-
ity of the wick on the overall thermal resistance of the 
cylindrical heat pipe was also investigated. Furthermore, 
the thermal performance of the heat pipe was evaluated 
based on the second law of thermodynamics. Our results 
revealed that using a nanofluid as a working fluid is an 
efficient method to reduce the entropy generation in a heat 
pipe. It can be concluded that the comprehensive analyti-
cal model employed in this study is a tool for scientists to 
have predictions with logical validity regarding the poten-
tial of the nanofluids to improve the thermal performance 
of the heat pipes. The analytical model provided useful 
information about the liquid and vapor pressure drops and 
also temperature gradient along the heat pipes which can 
be employed before designing a heat pipes using nanoflu-
ids. Our experimental results clearly validate the analytical 
results and pave the way for optimized use of the provided 
information.
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