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Abstract
Thermal performance evaluation of  TiO2-coated copper mesh wick in a cylindrical heat pipe with graphite nanofluid is 
experimentally analyzed at various inclinations, nanoparticle concentrations and power levels. Boiling heat transfer from the 
evaporator of a heat pipe depends on both thermal conductivity of the nanoparticle and suspension stability of the nanofluid. 
The lower the density of the nanoparticle, the better the suspension stability. Spherical graphite nanoparticles having lower 
density and good thermal conductivity quicken the heat transfer rate and hence the vaporization of base fluid. A hydrophilic 
coating of  TiO2 is done on the copper wick structure to reduce the contact angle of graphite nanofluid. Results showed 
that the heat pipe worked well at 60° inclination compared to the other tested orientations. For this optimum condition, a 
reduction in 168.75% of thermal resistance is obtained compared with DI water with uncoated wick at horizontal position 
and also an improvement in thermal efficiency of 94.07% for 1.0 mass% particle loading. The enhancement in equivalent 
thermal conductivity is 90.87% for 1.0 mass% compared with DI water. Results from the repeatability test also confirm that 
the hydrophilic coating over the wick is stable, and results are repeatable.
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List of symbols
A  Area  (m2)
Cp  Specific heat (J  kg−1  K−1)
d  Outer diameter (mm)
I  Current (A)
k  Thermal conductivity (W  m−1  K−1)
L  Length (mm)
ṁ  Mass flow rate (kg  s−1)
Q  Input power (Heat supplied) (W)
q  Heat flux (W  m−2)
R  Thermal resistance (K  W−1)

T  Temperature (K)
ΔT  Temperature difference (K)
V  Voltage (V)
Mass.  Mass fraction (%)

Abbreviations
CW  Coated wick
UCW   Uncoated wick

Subscripts
av  Average
bf  Base fluid
c  Condenser
cs  Cross-section
cv  Condenser vapor
cw  Condenser wall
ec  Evaporator−condenser
Eq.  Equivalent
ev  Evaporator vapor
ew  Evaporator wall
np  Nanoparticle
o  Overall
w  Water
th  Thermal
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Greek symbols
Δ  Increment
ƞ  Efficiency (%)

Introduction

Heat pipes are efficient two-phase heat transfer devices 
employing a working fluid to transfer the heat. The heat pipe 
was first developed by Gaugler in the year 1942 [1]. Since 
its invention, the quest for enhancing the performance is 
growing day by day and also their applications in multidis-
ciplinary fields [2, 3] such as cooling of electronic chips in 
computers and electronic industries, fuel cells, solar collec-
tors, nuclear power, desalination systems, space and defense 
applications. Cheng et al. [4] stated that the physical proper-
ties of nanofluids have a significant effect on the boiling heat 
transfer characteristics. The performance of a heat pipe can 
be enhanced by improving the thermophysical properties 
of working fluid. An easiest and effective way to enhance 
the heat transfer properties of the working fluid is by the 
addition of highly conducting solid nanoparticles into the 
base fluid.

Even though James Clerk Maxwell proposed the idea of 
dispersing solid particles into liquids well before, the usage 
of nanoparticle dispersion in liquids came into practice dur-
ing the year 1996 and it was originated from a research group 
at the Argonne National Laboratory, USA, in an attempt to 
increase the thermal conductivity of base fluid. Thermally 
conducting metallic and nonmetallic particles of 1–100 nm 
size are dispersed into the base fluid and are called nanoflu-
ids. Since then, several studies were carried out with a focus 
on the measurement techniques and evaluation of thermal 
conductivity of nanofluids. In an attempt to make a unified 
approach for thermal conductivity measurement techniques 
and their values, bench mark studies were carried out by 
leading organizations around the world and the results were 
summarized and reported by Buongiorno et al. [5] on INPBE 
(International Nanofluid Property Benchmark Exercise).

Recent studies on heat pipes established the fact that the 
addition of nanoparticles in the working fluid would impart 
a significant improvement on the thermal performance and 
hence the efficiency [6–22]. Experimental studies were con-
ducted by Putra et al. [6] to estimate the thermal resistance 
of mesh wick cylindrical heat pipes with different nano-
fluids, viz.  Al2O3/DI water,  Al2O3/ethylene glycol (EG), 
 TiO2/DI water,  TiO2/EG and ZnO/EG. The volume fraction 
of the nanofluids was varied from 1 to 5%, and the maxi-
mum input power was 30 W. A lowest thermal resistance of  
0.26 °C  W−1 was obtained for  Al2O3/DI water with 5% 
volume concentration at the maximum power, whereas it 
was 2.11 °C  W−1 for DI water. Mostafa et al. [7] studied 
the thermal performance of sintered wick cylindrical heat 

pipe with 90° bend in the condenser section.  Al2O3/water 
nanofluid was used with mass fractions 1 and 3%. The aver-
age particle size was 35 nm, and the maximum input power 
applied was 60 W. They got lower thermal resistance for 
nanofluid compared with base fluid, and the evaporator wall 
temperature was marginally lower for 3% concentration. The 
effect of  Al2O3/water nanofluid with two mass concentra-
tions of 5 and 10% in mesh wick heat pipe was investigated 
by Ghanbarpour et al. [8]. The length and diameter of the 
heat pipe were, respectively, 200 mm and 6.35 mm. Bet-
ter thermal performance was obtained for 5% concentration 
with an effective thermal conductivity improvement of 30%.

Surfactant-free Cu/DI water nanofluid was used in cylin-
drical heat pipe with stainless steel mesh wick by Kole and 
Dey [9] to understand the effect of particle concentration and 
orientation on heat pipe performance. The average particle 
size and the maximum input power were, respectively, 40 
nm and 100 W. Various mass percentages (0.0005, 0.005, 
0.05 and 0.5%) were considered, and they got best perfor-
mance with 0.5% with a maximum enhancement in thermal 
conductivity of 15% and an average reduction in evaporator 
wall temperature of 14 °C. Shukla et al. [10] used cylindrical 
copper heat pipe of 19.5 mm diameter with DI water, Ag/DI 
water and Cu/DI water nanofluids. The heat input was varied 
from 100 to 250 W. The mass fractions were 0.008 and 0.1% 
for Ag/DI water and Cu/DI water nanofluids, respectively, 
and the corresponding enhancement in thermal efficiency 
was 8 and 14%. They also found a reduction of 3–27 °C 
in the evaporator wall temperatures due to the addition of 
nanoparticles.

Venkatachalapathy et al. [11] used 330-mm-long and 
12-mm-outer-diameter copper mesh wick cylindrical heat 
pipe with CuO/DI water nanofluids with three mass fractions 
of 0.5, 1.0 and 1.5% in their study. The tilt angles and the 
input power were varied. The maximum observed reduc-
tion in thermal resistance and evaporator surface tempera-
ture was, respectively, 26.88% and 15.3 °C for 60° tilt when 
compared with the results of horizontal heat pipe. Thermal 
efficiency was found to increase with applied heat load with 
a maximum enhancement of 32.9% at 140 W compared with 
20 W heat load. Performance of sintered wick heat pipes 
using CuO/DI water nanofluid was explored by Kumaresan 
et al. [12]. Heat input, tilt angles and mass fractions of nano-
fluids were varied. The optimum mass fraction and tilt angle 
obtained were 1.0% and 45°, respectively, and the maximum 
improvement in thermal efficiency was 24.9% when com-
pared with DI water. A temperature difference of 5.1 °C 
was observed in the evaporator section between the wall and 
vapor core. Reduction in thermal resistance and increase in 
thermal conductivity and thermal efficiency were reported 
using CuO nanofluid. The effect of gold nanoparticles on 
the thermal performance of mesh wick heat pipe of circular 
cross section was investigated by Tsai et al. [13]. The heat 
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pipe was oriented vertically, and they found that the thermal 
resistance varies with the size of nanoparticles and was in 
the range of 0.17–0.215 °C  W−1.

Sadeghinezhad et al. [14] experimentally investigated 
sintered wick heat pipe using aqueous graphene nano-
platelets (GNP) nanofluids with various concentrations and tilt 
angles. The optimum concentration was found to be 0.1 mass%,  
and tilt angle was 60°. The maximum reduction in thermal 
resistance at these optimum conditions was 48.4% in com-
parison with DI water. The enhancement in effective ther-
mal conductivity was 37.2% at 60 W heat input compared 
with horizontal position. The deposition of GNP on the 
wick surface in the evaporator section improved the sur-
face wettability and thus the heat transfer rate. The effect of 
hybrid nanofluids on the heat transport capacity of copper 
mesh wick heat pipe was studied by Ramachandran et al. 
[15].  Al2O3/DI water and CuO/DI water nanofluids with 
three different concentrations were mixed to prepare the 
hybrid nanofluids. A maximum reduction of 44.25% in ther-
mal resistance was obtained using 25–75% hybrid nanofluid 
compared with DI water. Experiments were conducted by 
Grab et al. [16] to understand the performance of thermosi-
phon heat pipe using  TiO2/DI water and Au/DI water nano-
fluids with two different concentrations. The addition of 
nanoparticles decreased the thermal resistance. The reduc-
tion in thermal resistance was 20 and 12%, respectively, 
for Au/DI water and  TiO2/DI water nanofluids. They con-
cluded that only a small fraction of suspended nanoparti-
cles carried by vapor to the condenser section. Wang et al. 
[17] studied the effect of inclination angle and operating 
temperature on the performance of mesh wick heat pipes 
using CuO nanofluids. The concentration was varied from 
0.5 to 2.0 mass%, and maximum performance was obtained 
with 1.0 mass%. They reported that inclination has signifi-
cant effect on evaporator wall temperature with minimum 
value at 45° tilt angle. The evaporator and condenser HTC 
increased 22% and 5%, respectively, as compared with hori-
zontal orientation of heat pipe.

The effect of Ag/DI water nanofluid on the performance 
of mesh wick heat pipe in the horizontal mode of opera-
tion was investigated by Asirvatham et al. [18]. Three dif-
ferent volume concentrations of 0.003, 0.006 and 0.009% 
were considered. The authors reported 76.2% reduction 
in thermal resistance and 52.7% improvement in evapora-
tion heat transfer coefficient for 0.009% of nanofluid. The 
operating range of the heat pipe was also enhanced by 21% 
compared with base fluid. Thermal performance of mesh 
wick heat pipes using ZnO/EG nanofluid was experimentally 
investigated by Saleh et al. [19] with volume concentrations 
0.025–0.5%. They concluded that the improvement in ther-
mal conductivity was in the range of 5.3–15.5% with respect 
to the base fluid and showed a nonlinear relationship with 
volume fraction. Experiments were performed by Mozumder 

et al. [20] to find the effect of fill ratios on the performance 
of cylindrical heat pipes using water, methanol and acetone 
as working fluids. The selected fill ratios for the study were 
35, 55, 85 and 100%. Fill ratios more than 85% showed a 
decrease in thermal resistance and an increase in heat trans-
fer rates for all the working fluids. A review was made on the 
applications of nanofluids in heat pipes by Kumaresan and 
Venkatachalapathy [21] and summarized the effect of dif-
ferent nanoparticle-base fluid combinations on the thermal 
performance of various types of heat pipes and operating 
conditions. Results showed that nanoparticles dispersed in 
the base fluid exhibit better thermal performance than the 
base fluid alone.

In their critical review, Cacua et al. [22] explained that 
earlier nanoparticle aggregation and sedimentation adversely 
affect the reliable performance of heat pipes. Gupta et al. 
[23] used  TiO2-coated mesh wick and heavier  TiO2 nano-
particles in DI water as the working fluid in their studies. 
Heavier nanoparticle suspensions may produce inconsistent 
device thermal performance over a period of time. Moreover, 
from the stability point of view, the lighter the nanoparticles, 
the more stable the nanofluid. The thermophysical properties 
and stability of nanofluids are subjected to change during the 
operation of heat pipes due to the changes in applied thermal 
loads and associated phase changes. Hence, the device reli-
ability depends more on nanofluid stability. Nanofluid tech-
nology is not fully developed and requires extensive experi-
mental analysis to evaluate the performance of nanofluid 
driven heat pipes [24]. Khalid et al. [25] reviewed various 
factors affecting thermal performance enhancement of heat 
pipes such as use of nanofluid, treatment of the inner surface 
and use of wicks.

It was well established from the literature that the addi-
tion of nanoparticles improves the thermal performance 
of heat pipe. However, the existing trend of selecting the 
heavier metallic/metal oxide particles  (Al2O3,  TiO2, CuO, 
etc.) in the preparation of nanofluids poses stability issues in 
the long run and hence affects the service life of heat pipes. 
Hence, the nanofluid preparation with less-density and good-
thermal-conductivity particles improves the thermal diffu-
sivity of the nanoparticle which in turn promotes faster heat 
transfer rates. But only limited information is available in the 
literature using these combinations. An agglomeration-free 
nanofluid suspension is a significant factor influencing the 
thermal performance of a heat pipe. The physical methods of 
achieving stability are preferred over chemical methods, as 
the latter method may adversely affect the thermal transport 
properties of the nanofluid. One of the physical methods 
of imparting the stability is reducing the density difference 
between the base fluid and nanoparticle. Jyothisankar et al. 
[26] attempted this approach to check the suitability of 
graphite–DI water nanofluid for heat transfer applications 
using copper mesh wick heat pipe, and the investigation was 
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restricted to uncoated mesh wick. However, the present work 
is different from the above-mentioned work, as it evaluates 
the thermal performance of  TiO2-coated copper mesh wick 
in a cylindrical heat pipe with graphite nanofluid at various 
nanoparticle concentrations, inclinations and power levels. 
In their review, Nazari et al. [27] reported the use of nanoflu-
ids in heat pipes and explained the role of crucial parameters 
such as type of nanoparticle, concentration and the stability 
on the successful performance of heat pipes. The objective 
of this study is to provide a better understanding of these 
crucial parameters on device level thermal performance and 
to demonstrate the benefits derived from seeding DI water 
with lighter graphite nanoparticles. This study aims to inves-
tigate the effectiveness of graphite nanofluid in hydrophilic 
coated mesh wick heat pipes and to confirm their improved 
performance.

Experimentation

Preparation of nanofluid

Graphite nanoparticles used in this study are of laboratory 
grade (carbon 87%) from Sisco Research Lab (SRL), India, 
and the base fluid is deionized water. The nanoparticles are 
spherical in shape with an average particle size of 10 nm. The 
density of the graphite sample varies from 1.2 to 2 g  cc−1, and 
specific surface area is 660–720  m2  g−1. The mass fraction of 
the sample is calculated using the formula,

where mnp and mbf indicate mass of nanoparticles and base 
fluid, respectively.

The mass of the nanoparticle and the DI water is meas-
ured using a precision electronic balance and are mixed 
together to prepare the nanofluid samples at three differ-
ent mass fractions, viz. 0.5, 1.0 and 1.5%. The conventional 
two-step method is followed for the preparation of nano-
fluid, and no surfactant or dispersant is used. The addition 
of surfactants or dispersants affects the thermal conductivity 
and capillarity of the nanofluid and thus the heat pipe per-
formance; they are not used in this study. Stable and even 
suspension of graphite nanoparticles in DI water is achieved 
by intense magnetic stirring with 0.5 and 1.0 mass% samples 
at 1700 rpm while 1.5 mass% sample at 2000 rpm. This 
is followed by ultrasonication at the frequency of 40 kHz 
using an ultrasonic bath. The prepared nanofluid is kept for 
3 weeks for physical examination in order to confirm the 
stability of the suspension. There are no visible traces of 
sedimentation found during this time frame. Figure 1 shows 

(1)mass fraction(%) =
mnp

mnp + mbf

the prepared nanofluids after 21 days, and this confirms its 
stability. A small amount of sedimentation is observed for 
1.5% particle loading after 80 days.

The main reason for selecting the graphite nanoparticle in 
this work is its comparatively low density and high thermal 
diffusivity. Also, the low density imparts further stability to 
the prepared suspension. The stability of the sample is con-
firmed by measuring the Zeta potential (Malvern Instrument, 
UK), and the measured values are 36.9, 35.8 and 33.5 mV 
for 0.5, 1.0 and 1.5 mass%, respectively. The Zeta potential 
distribution for 1.0% concentration shows a single observed 
peak as depicted in Fig. 2. The magnitude of Zeta potential 
is an indication of suspension stability; a value greater than 
30 mV indicates a good degree of stability. The Zetasizer 
data show that graphite nanoparticles remain dispersed in 
the fluid with average diameter less than 176 nm. The shape, 
size and state of agglomeration of the graphite nanoparti-
cles are examined using transmission electron microscope 
(TEM). Figure 3 shows the TEM image of graphite–DI 
water nanofluid taken after 50 days for 1.0 mass%. The 
TEM image points out that the graphite nanoparticles have 
spherical morphology and also a slight agglomeration of 
the nanoparticles. Slight agglomeration is observed with  
1.5 mass% sample also mainly due to higher particle loading.

Properties of nanofluid

The thermophysical properties of the prepared nanofluid 
samples are experimentally measured with the help of vari-
ous instruments, and the values are given in Table 1. KD2 
PRO Thermal Properties Analyzer (Decagon Devices, USA) 
based on the principle of transient hot wire method is used 
to measure the thermal conductivity of nanofluids. The 
measured values show an increase in the thermal conduc-
tivity with particle loading. The improvement in thermal 
conductivity is 3.5, 22 and 38% for 0.5, 1.0 and 1.5 mass % 
particle loading in comparison with DI water. The surface 
tension of the samples is measured at 27 °C and 60% relative 
humidity using Holmarc Goniometer, which is based on ses-
sile liquid drop method. Initially, DI water is tested and the 
value obtained is in close agreement with those available in 
the literature. A maximum increment of 3% is obtained for 

Fig. 1  Nanofluid Samples after 21 days
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the highest particle loading when compared with DI water. 
Brooke Field Viscometer (DV-E, version 1.10) is used to 
measure the dynamic viscosity, and the measured values 
show a nonlinear increase in viscosity with particle load-
ing and for 1.5 mass%; it is twice that of DI water. The 

instrument accuracy reported by the manufacturer is ± 1%. 
In summary, the thermophysical properties of nanofluid 
samples are strong functions of particle loading.

For the effective functioning of heat pipes, working fluid 
must be compatible with the wick structure. Also, the wetta-
bility of the wick structure with the working fluid is essential 
and is quantified by the contact angle. Wettability indicates 
that the fluid must spread over the wick structure or always 
keeps the wick to be saturated. With water as working fluid, 
a contact angle less than 90° is termed as hydrophilic and 
that greater than 90° is termed as hydrophobic. The con-
tact angle of the prepared graphite nanofluid is greater than 
that of the base fluid. This may affect the performance of 
a heat pipe, even though the graphite nanofluid possesses 
good thermophysical properties. In order to reduce the con-
tact angle, it is decided to make a hydrophilic coating of 
 TiO2 over the wick structure. A carefully prepared solution 
containing tetrabutyl orthotitanate, diethanolamine, ethanol 
and polyethylene glycol is vigorously stirred in a magnetic 
stirrer for 4 h. The wick is dipped in this solution, air-dried 
and then sintered in an oven to get the hydrophilic coating, 
as mentioned by Jyothisankar et al. [28]. The coated wick 
is finally washed with tap water to ascertain the bonding 
of  TiO2 coating over the wick. The coating lowers the con-
tact angle by 20° for 0.5% sample to 35° for 1.5% sample. 
KRUSS Liquid Drop Analyzer is used for the measurement 

Fig. 2  Zeta potential for 1.0 
mass% sample after 21 days 12,0000
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Fig. 3  TEM image of graphite–DI water nanofluid after 50 days 
(1.0% concentration)

Table 1  Thermophysical properties of the nanofluid

Sample Thermal conductivity/W  m−1  K−1 Surface tension/mN  m−1 Viscosity/mPa s

Measured value Uncertainty (5%) Measured value Uncertainty (3%) Measured 
value

Uncertainty (1%)

DI water 0.59 ± 0.0295 72.0 ± 2.160 1.0 ± 0.010
0.5% sample 0.61 ± 0.0305 72.5 ± 2.175 1.0 ± 0.010
1.0% sample 0.72 ± 0.0360 73.2 ± 2.196 1.2 ± 0.012
1.5% sample 0.81 ± 0.0405 74.2 ± 2.226 2.0 ± 0.020
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of contact angle, and the values are given in Table 2 for bare 
and coated mesh wick. With increasing particle loading, the 
contact angle increases. However, it decreases with  TiO2 
coating, with a maximum reduction at 1.5 mass%.

Experimental setup

The schematic diagram of the heat pipe with thermocouple 
positions is shown in Fig. 4. The heat pipe is fabricated from 
a plain copper cylindrical tube of outer diameter 12 mm, 
wall thickness 0.5 mm and length 300 mm. Three layers of 
 TiO2-coated copper mesh wick (100 mesh  inch−1) are rolled 
and inserted into the copper tube. Each end of the copper 
tube is closed with a 3-mm-thick copper end cap. The entire 
length of the heat pipe is divided into three length zones; 
first, 90 mm is the evaporator zone followed by a 75 mm of 
adiabatic zone and finally a 135 mm of condenser zone. A 
total of 14 calibrated T-type thermocouples with a measure-
ment accuracy of ± 0.5 °C are used in the setup. Six thermo-
couples are used to measure the vapor temperature, denoted 
by V1 through V6 and the remaining six for wall temperatures 
designated by W1 through W6. The symmetrical placement of 
thermocouples enables to figure out the temperature profiles 
on each zone. The entire section of the evaporator is covered 
with electrically insulating and thermally conducting mica 

sheet. An autotransformer supplies regulated power to the 
circumferential heater, and the power input to the evaporator 
is calculated from the digital multimeter. Glass wool insula-
tion of thickness 50 mm is provided in the entire evaporator 
zone to minimize the heat loss to the ambient. The adiaba-
tic zone is also covered with glass wool insulation. Heat is 
removed from the condenser zone by circulating cold water 
from the chiller unit which supplies cold water in the range 
18–20 °C. An acrylic cylinder of 32 mm diameter and 150 
mm length is mounted around the condenser zone over its 
entire length so as to keep it always submerged in a pool of 
cold water. A rotameter measures the flow rate of the cooling 
water. Two T-type thermocouples are used, one each in the 
inlet and outlet of condenser section to measure the tempera-
ture of the circulating cold water. The schematic diagram of 
the experimental setup is shown in Fig. 5. The heat pipe is 
charged with 90% of the evaporator volume which is about 
8.3 mL of nanofluid. This quantity is sufficient to completely 
saturate the mesh wick structure.

Experimental procedure

Four identical heat pipes are considered in this study. One 
heat pipe uses uncoated (UCW) mesh wick with DI water 
as working fluid. The other three hydrophilic  TiO2-coated 
(CW) mesh wick heat pipes are filled with graphite—DI 
water nanofluid at three different mass concentrations, viz. 
0.5, 1.0 and 1.5%. The heat energy supplied at the evapo-
rator is in steps of 30 W, ranging from 30 to 180 W, and 
the corresponding heat fluxes range is 8.8–53.1 kW  m−2. 
The maximum input power is restricted to either burn out 
of the heat pipe or the maximum operating temperature of 
120 °C found on the evaporator wall. The experiments are 
repeated for different inclinations of the heat pipe starting 
from 0° or horizontal, 30, 45, 60 and 90° or vertical. For all 
the inclination angles, the evaporator section is always kept 
below the condenser section. All the temperature signals 
are scanned at 30-s interval by an Agilent Data Logger and 

Table 2  Contact angle measurement

Sample Type of surface Contact angle (°)

Base fluid Bare copper 91.3
TiO2 coated 68.6

0.5 mass% Bare copper 96.6
TiO2 coated 77.0

1.0 mass% Bare copper 100.8
TiO2 coated 78.0

1.5 mass % Bare copper 114.9
TiO2 coated 79.1

Fig. 4  Thermocouple positions 
on heat pipe (all dimensions are 
in mm)

Evaporator section
Adiabatic section

90 75 135
Outlet

25 20 20 35 652540 35

Condenser section

V1

W1 W2 W3 W4 W5 W6

W8

W7

V2 V3 V4 V5 V6

Inlet
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stored in a personal computer. In this analysis, steady state 
was normally achieved at the end of 30 min for most of the 
cases and the criterion for a steady state was a difference of 
less than 1 °C in adiabatic wall temperature for 3 min. The 
steady-state values of the temperatures are picked up for 
further data reduction.

Data reduction

The heat pipe transfers heat energy from evaporator end to 
condenser end. Difference in the average wall temperatures 
between these two sections of the heat pipe is called overall 
temperature difference (ΔΤo).

On the experimental arrangement as shown, each section 
of the heat pipe is monitored with four thermocouples, two 
each for wall and vapor core. So the average temperatures 
are given by

where Tew , Tev , Tcw and Tcv represent the average values of 
temperature for the evaporator wall, evaporator vapor core, 
condenser wall and condenser vapor core, respectively. The 
temperature difference at the vapor core area is given by,

(2)ΔTo = Tew − Tcw

(3)Tew =
Tw1 + Tw2

2

(4)Tev =
Tv1 + Tv2

2

(5)Tcw =
Tw5 + Tw6

2

(6)Tcv =
Tv5 + Tv6

2

Heat input to the heat pipe is calculated from the ammeter 
(I) and voltmeter (V) readings.

Heat taken away by the circulating cold water is calcu-
lated using the following equation: 

where ṁw is the mass flow rate of cooling water through the 
condenser, ΔΤw is the rise in temperature, and Cpw is the 
specific heat capacity.

Thermal efficiency of the heat pipe is the ratio of heat 
rejected in the condenser section to heat absorbed in the 
evaporator section.

Heat pipe thermal resistance is the ratio between overall 
temperature difference and heat input.

Equivalent thermal conductivity of the heat pipe is calcu-
lated using the equation

where Acs represents the cross-sectional area of the heat pipe.
The average heat transfer coefficient of the combined 

evaporator and condenser sections is given by

where Aec is the sum of the surface areas of evaporator and 
condenser sections.

(7)ΔTv = Tev − Tcv

(8)Q = V ⋅ I

(9)Qc = ṁwCpwΔTw

(10)�th =
Qc

Q

(11)Rth =
ΔTo

Q

(12)keq =
Q

Acs ⋅ ΔTo

(13)hav =
Q + Qc

Aec ⋅ ΔTo

Fig. 5  Schematic diagram of the 
experimental setup

PC Data logger
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Uncertainty analysis

The uncertainties in the measurement are determined 
based on the method given by Kline and McClintock. 
Uncertainty in the heat input, heat flux, thermal resist-
ance, heat transfer coefficient and thermal efficiency is 
given in Eqs. (14)–(18), respectively.

Uncertainty in heat input depends on the accuracy 
of voltmeter and ammeter. In the case of heat f lux, 
uncertainty depends on heat input, length and diameter 
measurements. For thermal efficiency, the uncertainty 
accounts from heat input, temperature change of cold 
water and its mass flow rate. The uncertainties of the 
derived quantities are calculated using the above-men-
tioned method for each operating condition. The maxi-
mum uncertainty in heat flux, thermal resistance, heat 
transfer coefficient and thermal efficiency is, respec-
tively, 3.95, 4.14, 4.64 and 5.17%. Thus, the maximum 
uncertainty present in the calculation of any derived 
quantities representing the heat transfer performance of 
heat pipe is around 5%.

Results and discussion

Experiments are carried out for various inclinations and 
power inputs of the heat pipe. Throughout the study, the 
condenser end is kept above the evaporator end except for 
the horizontal mode of operation.
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Effect of tilt angle on axial wall temperature

Heat pipe wall temperature distribution along its length for 
various tilt angles portrays the elimination of nonconden-
sable gas generation and is represented in Figs. 6 and 7. As 
shown in Fig. 6, the wall temperature at the evaporator sec-
tion decreases with the increasing tilt angle of the heat pipe 
using DI water with uncoated wick. Minimum wall tempera-
ture is obtained at 60°, beyond which a moderate increase 
is observed. For horizontal operation, the temperature gra-
dient is maximum at the evaporator and condenser ends 
compared with other tilt angles, which is due to partial dry 
out that may occur at several spots locally at the evaporator 
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section. When the heat pipe is tilted from its horizontal posi-
tion gradually, the gravity helps the condensate return to the 
evaporator, thereby delaying the occurrence of partial dry 
out. The wall temperature distribution is shown in Fig. 7 
for 1.0 mass% nanoparticle loading and different tilt angles. 
The temperature in the evaporator region decreases by the 
addition of nanoparticles, and 60° angular tilt gives better 
thermal performance compared with other tilt angles. This 
is because 60° angular tilt provides somewhat controlled 
flow of condensate return without affecting the nucleate 
bubbling phenomena occurring on the evaporator region for 
the applied heat flux. Increasing the input power to 180 W 
increases the evaporator wall temperature to 92.47, 79.69, 
76.08, 72.47 and 77.35 °C, respectively, for the tilt angles 
0, 30, 45, 60 and 90°. So heat pipe is optimized for different 
tilt angles, and the lowest wall temperature is observed at 
60° angular tilt.

Tilt angle is one of the main parameters on which the 
thermal performance of a heat pipe depends on. For exam-
ple, with a power input of 120 W, the associated temperature 
drop between the evaporator and condenser wall of DI water 
heat pipe is found to be 54.62 °C for horizontal and 39.73 
°C for 60° tilt. Under the same input power conditions, the 
respective values are 27.11 and 20.50 °C for heat pipe oper-
ated with 1.0 mass % nanoparticle loading. It is seen that in 
both cases, the gravity significantly improved the heat pipe 
performance by reducing the temperature drop by 50%.

Effect of particle loading on axial wall temperature

The wall temperature variation of all samples is shown in 
Fig. 8 for an input power of 120 W and an inclination angle 
of 60°. The wall temperature for all the samples decreases 
from evaporator side to the condenser side, indicating the 
heat flow from evaporator to condenser. Maximum tempera-
ture difference between evaporator end and condenser end 
is observed for DI water with uncoated wick (UCW), while 
the lowest one is observed for 1.0 mass% of nanofluid. In 
the evaporator section, the reduction in wall temperature 
is significant due to the addition of graphite nanoparticles 
which in turn enhances the thermal performance of heat 
pipes. This is due to increased thermal conductivity and 
thermal diffusivity of the nanofluid in comparison with DI 
water. This shows the addition of nanoparticles reduces the 
evaporator wall temperature and hence improves the heat 
transfer capability of working fluid by elevating the criti-
cal heat flux [29]. However, the wall temperature for 1.5% 
sample is higher than 1.0% sample due to higher flow resist-
ance caused by increased viscosity which reduces the move-
ment of nanofluid from condenser to evaporator section. The 
maximum reduction obtained for 0.5, 1.0 and 1.5% samples 
is, respectively, 23.57, 34.08 and 28.10% compared with 
DI water. When the heat input is increased to 180 W, the 

corresponding values are 21.50, 25.56 and 21.11%. Thus, 
the heat pipe is studied for different particle loadings and 
the lowest wall temperature is found with 1.0 mass% sample, 
which is the optimum particle loading.

Effect of particle loading on vapor temperature 
difference

Figure 9 represents the vapor temperature difference between 
evaporator and condenser sections for all concentrations at a 
fixed tilt angle of 60°. The temperature difference increases 
with heat loads. It is maximum for DI water and minimum 
for 1.0 mass%. For the maximum heat input, the vapor tem-
perature difference of DI water and nanofluid heat pipes is 
found to be 44.51, 27.95, 21.70 and 29 °C at 60° tilt. The 
higher temperature difference for maximum mass fraction 
is due to insufficient condensate return because of higher 
viscosity. Vapor temperature difference indicates the per-
formance of heat pipe, a minimum value of which exhibits 
the best performance. Any increase in vapor temperature at 
a particular heat load shows insufficient condensate return 
to the evaporator.

Effect of inclination on thermal resistance 
for various particle loading

The overall thermal resistance of heat pipe is calculated on 
the basis of average wall temperatures at the evaporator and 
condenser ends. This resistance stems from two component 
resistances; the first one is the resistance between evapora-
tor and adiabatic sections, and the second is the resistance 
between adiabatic and condenser sections. Among these two 
component resistances, the major contribution is by the first 
one as explained by Sai et al. [13]. Orientation has strong 
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influence on the heat pipe performance with maximum ther-
mal resistance at horizontal position and minimum at 60° tilt. 
Thermal resistance is higher at lower heat loads due to the 
presence of a relatively thick liquid film enveloping the evapo-
rator section, thus increasing the conduction resistance. As the 
heat load increases, this film breaks up resulting in lowering 
of conduction resistance. This behavioral pattern of thermal 
resistance in response to the heat input is a common character-
istic feature of heat pipes as suggested by Hopkins et al. [30].

Figure 10 depicts the overall thermal resistance variation 
for different concentrations at 120 W of input power. All the 
samples follow the characteristic behavioral pattern and the 
curves shifting downward indicating lower thermal resist-
ances. Thermal resistance is found to decrease with gravity 
and reaches a minimum value at 60° tilt. This is because larger 
tilt encourages condensate flow to the evaporator and reaches 
an optimum resistance value at around 60°. Beyond this, the 
condensate return increases and forming a liquid film over 
the mesh surface, thereby decreasing the rate of radial heat 
transfer which results in increased thermal resistance. Lowest 
thermal resistance is obtained with 1.0 mass % sample and 
60° tilt. The flow of nanofluid causes lodging of nanoparticles 
over the wick structure, thereby providing an extended surface 
for the heat transfer, improved capillarity and hence lower 
thermal resistance. The thermal resistances of all the concen-
trations are compared at a tilt angle of 60° and are presented 
in Fig. 11. The results suggest that the heat transport capacity 
of graphite nanofluid heat pipe is more than that of DI water-
based heat pipe due to reduced thermal resistance.

Effect of particle loading on thermal efficiency

Thermal efficiency is an important parameter for quantifying 
the heat pipe performance as it estimates the amount of heat 

absorbed in the evaporator section. Thermal efficiency of 
all the samples is plotted in Fig. 12. The thermal efficiency 
is in a direct relationship with heat load for all nanofluid 
concentrations. It increases with heat loads as thermal resist-
ance is lower at higher heat loads. At 120 W of operation, 
the 1.0 mass% nanofluid at optimum tilt attains a thermal 
efficiency of 93.18% compared to 75.16% of DI water at the 
same tilt. Efficiency increases with particle loading; how-
ever, the high viscosity of the 1.5 mass% sample delays liq-
uid flow along the wick structure to the evaporator, thereby 
causing slight reduction of it. The efficiency of DI water heat 
pipe decreases for heat inputs beyond 120 W, indicating the 
occurrence of partial dry out. The potential factors affect-
ing the thermal efficiency are the heat pipe orientation and 
thermophysical properties of the working fluid.

Effect of particle loading on equivalent thermal 
conductivity

The effect of particle loading and applied heat flux on the 
heat transport capacity of the heat pipe, measured in terms 
of equivalent thermal conductivity, is shown in Fig. 13. 
The thermal conductivity of all heat pipes increases 
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with heat flux irrespective of heat pipe orientation. The 
maximum effective thermal conductivity is found out for 
1.0% mass fraction of graphite nanofluid, whose value is 
19.11 kW  m−1  K−1 at a flux of 53.1 kW  m−2. The maxi-
mum values obtained for 0.5, 1.0 and 1.5% samples are, 
respectively, 59.08, 90.87 and 50.18% compared with DI 
water at the optimum tilt. The addition of higher conduct-
ing graphite nanoparticles enhances the equivalent ther-
mal conductivity. Formation of thin nanoparticle coating 
over the wick surface due to the movement of nanofluid 
also increases thermal conductivity. However, decrement 
occurs at the highest mass fraction due to increased viscos-
ity of nanofluid. The equivalent thermal conductivity of all 
samples at 180 W input and various tilt angles is shown in 
Fig. 14. Orientation of the heat pipe affects the equivalent 
thermal conductivity with the lowest value in horizontal 
position, increases up to 60° and decreases afterward. This 
is because the faster condensate return at higher angle 
of tilts delays the vapor generation at the evaporator in 
accordance with heat flux crept in.

Effect of particle loading on overall heat transfer 
coefficient

Figure 15 shows average heat transfer coefficient of all sam-
ples at 60° tilts. The heat transfer coefficient increases with 
angle of tilt, and it reaches the optimum value around a tilt 
angle of 60°. Beyond that, it marginally decreased due to the 
small reduction on the heat transfer on the evaporator due 
to the quicker condensate return. The observed maximum 
enhancement of heat transfer coefficient was found to be 
57.45, 90.87 and 50.19% for three mass fractions, namely 
0.5, 1.0 and 1.5%, respectively, when compared to DI water. 
The heat transfer coefficient depends on both tilt angle and 
mass fractions of the nanoparticle. With the addition of 
nanoparticle, the Brownian motion of the nanoparticle in 
the suspension improves. As the temperature of working 
fluid increases due to the addition of heat flux, Brownian 
motion also increases which in turn increases the convective 
heat transfer of the nanofluid. So heat transfer coefficient 
increases with heat flux.

Repeatability test and performance stability

Equivalent thermal conductivity is one of the main param-
eters used to judge the thermal performance of heat pipes. 
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The adhesiveness of hydrophilic coating over the wick must 
be ensured for the satisfactory functioning of heat pipes. To 
ensure the performance stability, a repeatability test is con-
ducted with equivalent thermal conductivity as a parameter 
at the end 5th, 10th and 15th days in three trials. Figure 16 
shows the results of a repeatability test done with each trial 
consisting of input power varying from 30 to 180 W. The 1.0 
mass percentage particle loading sample is taken for the case 
study, and maximum variation is found to be within 2.92%. 
This confirms that the hydrophilic coating over the wick is 
stable and results are repeatable even after the applied heat 
load up to 180 W.

Effect of input flux on evaporator wall temperature 
distribution

The evaporator wall temperature is the primary data for esti-
mating the performance of heat pipe. The present work is 
compared with Liu et al. [31]. They reported the axial tem-
perature distributions using both deionized water and CuO 
nanofluid for a heat flux of 9.61 kW  m−2 and a concentration 
of 1.0 mass%. The evaporator wall temperatures using nano-
fluid are found to be much lower than that of DI water for the 
same heat flux. They found the optimum concentration as 1.0 
mass% and claimed a significant reduction in the evaporator 
wall temperature. Consequently, the heat transfer efficiency 
of the heat pipe was greatly improved. From our studies, it is 
observed that the evaporator wall temperature with base fluid 
increases significantly with the thermal loads. However, 
addition of nanoparticles lowers the evaporator wall temper-
atures. The present analysis of graphite/DI water nanofluid 

gives an evaporator surface temperature of 69.7 °C at a heat 
flux of 35.3 kW  m−2 in the horizontal mode. For the same 
orientation, the corresponding values reported by Liu et al. 
[31] were 68 °C at 9.61 kW  m−2, respectively. The higher 
flux handling capacity in the present study is attributed to 
the high thermal diffusivity of the graphite nanoparticle and 
hence better boiling heat transfer in the evaporator region.

Conclusions

The thermal performance of mesh wick heat pipes using 
graphite–DI water nanofluid with three mass fractions is 
experimentally investigated. Axial wall temperature distri-
bution, vapor temperature drop, thermal resistance, thermal 
efficiency and equivalent thermal conductivity are evaluated, 
and the results are compared with heat pipe using DI water. 
The results reveal better performance for nanofluid charged 
heat pipes owing to the favorable thermophysical properties 
of graphite–DI water nanofluid. Graphite nanoparticles dis-
persion in base fluid is more stable than copper nanoparticle 
dispersion and also improves the thermal conductivity as 
well as convective heat transfer due to Brownian motion. 
Further, higher thermal diffusivity of graphite nanoparticle 
quickens the heat transfer and facilitates the vaporization of 
base fluid. The mass fractions as well as tilt angles have sig-
nificant effect on the evaporator wall temperature reduction 
and push up the operating limits of heat pipe. Angle of incli-
nation facilitates faster condensate return to the evaporator. 
However, at larger inclinations (more than 60°), the quicker 
condensate returns affects the vapor–liquid flow dynamics 
in the evaporator zone, resulting in deterioration of perfor-
mance. Particle loading of 1.0 mass% and a tilt angle of 60° 
are more efficient. Thermal resistance decreases from 0.43 
K  W−1 for horizontal mode with DI water and uncoated wick 
to 0.16 K  W−1 for mass concentration 1.0% and 60° tilt. 
The maximum values of equivalent thermal conductivity and 
thermal efficiency are, respectively, 19.11 kW  m−1  K−1 and 
94.07% at this concentration and tilt angle. The enhanced 
thermal performance showcases graphite nanofluid as an 
attractive working fluid for mesh wick heat pipes.
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