Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:590
https://doi.org/10.1007/540430-020-02668-w

TECHNICAL PAPER q

Check for
updates

Thermal performance optimization of heat pipe using nanofluid:
response surface methodology

Naveen Kumar Gupta'® - Abhishek Sharma? - Pushpendra Kumar Singh Rathore? - Sujit Kumar Verma'

Received: 6 February 2020 / Accepted: 21 September 2020
© The Brazilian Society of Mechanical Sciences and Engineering 2020

Abstract

Nanofluids are the new class of thermo-fluidics. Researchers found that nanofluids have the potential to enhance the thermal
performance of various thermal applications. In the present paper, parametric optimization of the thermal performance of
nanofluid-filled heat pipe is performed using response surface methodology. The operating parameters like power input,
inclination angle, filling ratio of nanofluid (working fluid) and nanofluid concentration are considered. Optimization study
predicted the optimum value of thermal efficiency, thermal resistance and wall temperatures as 66.40%, 0.3884 °C/W and
78.86 °C, respectively, at 112 W power input, 55% filling ratio, 1.1% nanofluid concentration and at 58.5° inclination angle.
The predicted and experimental optimization results are in good agreement.
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Abbreviations [, Length of adiabatic section

NF Nanofluid A Cross-sectional (inner) area of the heat
TR Thermal resistance pipe

CCRD Central composite rotating design R The thermal resistance of heat pipe

HP Heat pipe a Inclination angle (°)

RSM Response surface methodology p Input power (watt)

W Watt Vand AV Voltage and uncertainty in voltage

TR Thermal resistance (°C/W) A and AA Surface area and uncertainty in surface

arca

List of symbols AT and A(AT) The temperature difference of evapo-

T Wall temperature in °C . .
. . rator and condenser section and their
Qand AQ Heat supplied and uncertainty in heat .
supplied uncertainty
Iand Al lerlzent supply and uncertainty in the L Length of the condenser section
PPy Y K. Effective thermal conductivity of the heat
current supply pipe
dA Heat fl d tainty in heat fl . .
4anc 24 eat Tux and uncertamty in .ea o Log The effective length of the heat pipe
I Length of the evaporator section o .
r Filling ratio (%)
c Concentration of nanofluid (vol%)
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Fig. 1 Working principle of heat pipe [14]

thermal conductivity. All possible methods to increase the
heat transfer like creating turbulence, increasing area etc.
are restricted by the poor thermal conductivity of liquids.
Researchers noticed that nanofluids are the new genera-
tion of thermal fluids. In 1995, Choi et al. [1] introduced
nanofluids as the most promising thermal fluids for future
endeavours. Nanofluids are the suspension of nanoparticles
(size < 100 nm) in base fluids.

Generally, nanoparticles having high thermal diffusivity
are considered for nanofluid (NF) preparation [2]. Research-
ers dispersed nanoparticles in phases change materials also
to increase their thermal conductivity [3, 4]. Researchers
prepared NFs by stirring the nanoparticles of various metals,
metal oxides, carbides, nitrides and different types of carbon
with base fluids like water, alcohols and different oils etc.
Researchers examined the thermophysical property of NFs
with a wide range of concentration and temperatures. Das
et al. [5] presented an experimental investigation regard-
ing the increase in thermal conductivity of NFs like Al,O5/
H,0 and CuO/H,0O with the increase in temperature and
concentration. Authors concluded that the enhancement of
thermal conductivity shows a dramatic increase with tem-
perature. The rate of increment depends on the concentra-
tion of nanoparticles also. Trisaksri et al. [6] reviewed the
heat transfer characteristics of NFs. Authors concluded that
the enhancement in thermal conductivity of NFs depends
on particles concentration, shape, size and type etc. It also
depends on the type of base fluid, pH value of NF and type
of particle coating. Heat transfer performance increases with
the increase in particles concentration (for same Reynolds
number). At high heat flux, experimental results revealed
that nanoparticles addition did not increase the heat trans-
fer performance in pool boiling processes but critical heat
flux was increased significantly. Therefore, NFs may be used
for cooling in high heat flux applications. Gupta et al. [7]
reviewed the thermophysical properties of NFs. Authors
discussed the effect of nanoparticles concentration and tem-
perature on thermal conductivity, specific heat and viscosity
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of NFs. The other influencing parameters are nanoparticles
shape, size, material type, sonication time, base fluids and
characteristics of interfacial layer etc.

Many research articles regarding the thermophysical
properties of NFs have been published in the last 20 years.
Researchers [8—11] concluded that NFs show superior
thermophysical properties. Therefore, NFs may be consid-
ered as effective working fluids for heat transfer applica-
tions. Researchers used NFs in various heat exchangers and
noticed higher thermal performance as compared to the base
fluids.

Research on NFs application in HPs has been carried out
mainly in three directions. The first direction is the experi-
mental studies, showing the enhancement/deterioration in
thermal performance of HP. Majority of research articles
showed the enhancement in thermal performance. Some
researchers analysed the mechanisms responsible for the
above change. Mahdavi et al. [12] investigated the thermal
performance of a heat pipe. Authors investigated the effect
of input power, orientation and volume of working fluid on
the thermal performance of HP. A previously developed
numerical model was validated using experimental data.
Authors noticed a good agreement between experimental
and numerical results. Gupta et al. [13] reviewed the vari-
ous mechanisms responsible for the change in heat transfer
performance of HP and found that the enhanced thermal
conductivity, increased wettability, Brownian motion of
nanoparticles and reduction in bubble formation (sus-
pended nanoparticles puncture the bubbles generated at the
solid-liquid interface) are the major causes. Other causes
are enhancement in convective heat transfer coefficient,
enhancement in surface area in the evaporator by the accu-
mulation of nanoparticles.

Researchers used various NFs as working fluids in HPs
and noticed a reduction in wall temperatures and thermal
resistance. Gupta et al. [14] investigated the thermal perfor-
mance using CuO/H,O NF as working fluid. Authors noticed
20.5% reduction in thermal resistance and 15.3% enhance-
ment in thermal efficiency as compared to water. Buschmann
[15] published a review article on the NFs application in
thermosyphon and heat pipe. The author concluded that
NFs are promising working fluids. The thermal resistance
of thermosyphon, HPs and oscillating HPs using nanofluid
as working fluids reduced significantly. Although many
questions regarding nanofluid characteristics, mechanisms
and optimization are still open. In the last 2 decades, more
than hundreds of research papers on thermal performance
of HP using nanofluids have been published. Researchers
noticed the significant enhancement in thermal performance.
They generally claimed that the enhancement is due to the
increase in thermal conductivity, enhanced surface area,
bombardment of the bubbles by nanoparticles, increase in
wettability etc. Gupta et al. [16] investigated the thermal
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performance of HP using water as working fluid. Authors
investigated the effect of operating parameters like the vol-
ume of the working fluid, power supply and inclination angle
on thermal performance. Authors noticed that the increase in
the volume of working fluid and power supply increases the
thermal performance of HP. The orientation up to a certain
value increases the thermal performance of HP after that it
decreases. The most favourable angle depends on the viscos-
ity, surface tension and wettability of the contact surface.
Gupta et al. [17, 18] noticed that NF-filled heat pipe shows
higher thermal performance as compared to a water-filled
HP. But in prolonged working condition, due to sedimenta-
tion and agglomeration of nanoparticles, the thermophysical
properties of NFs deteriorated. The deterioration in ther-
mophysical properties causes a decrease in thermal perfor-
mance also.

In the present scenario, good numbers of research papers
are available on NF application in the heat pipe. Majority
of the research outcomes support that the NF may be an
effective working fluid for heat pipe. In some cases, nano-
fluids suppress the thermal performance of HP. Therefore,
researchers have their different opinion regarding NFs appli-
cation. Many questions regarding their mechanisms are still
open for further investigations. Therefore, more experimen-
tal studies are required to draw some firm conclusions and
to explore the hidden causes.

Second research direction is the numerical investigations.
Researchers considered the various models to find out the
thermophysical properties of NFs like thermal conductiv-
ity, viscosity and density. Gupta et al. [19] performed a
numerical investigation on CeO,/H,O NF application in
HP. Authors noticed a good agreement in wall temperatures
obtained through numerical and experimental study. Pop-
laski et al. [20] performed a numerical simulation to inves-
tigate the effects of NFs like Al,O3, CuO and TiO, in the
heat pipe. Authors also performed parametric study through
experimentation and found good agreements between
numerical and experimental results. Authors concluded that
the increase in the concentration of NF after certain limit
reduced the convection currents in mesh wick of the HP. The
reduction in convection current leads to the reduction in heat
transfer capacity of the HP. Solomon et al. [21] performed
a numerical study using Cu/H,O NF in a mesh wick HP.
Authors solved mass, momentum and energy equation for
vapour and liquid region. It was noticed that the addition of
nanoparticles reduced wall temperature, thermal resistance,
vapour temperature and operating pressure. Huminic et al.
[22] investigated numerically (three-dimensional analysis)
the heat transfer performance of thermosyphon HP using
water and water-based iron oxide NFs. Researchers exam-
ined the wall temperature distribution, heat transfer coef-
ficient and thermal resistance. Numerical results were in
good agreement with the theoretical model and experimental

data. Many other numerical studies [23—25] were performed.
Researchers concluded that NFs are more efficient working
fluid as compared to base fluids.

Third research direction is the parametric optimization of
HP using NFs. In the open literature, limited research stud-
ies on parametric optimization of HP using NFs are avail-
able. Parametric optimization of thermal performance is the
next level of investigation. Therefore, in the present work
authors attempted to optimize the thermal performance of
CuO/H,0 nanofluid-filled HP using response surface meth-
odology (RSM). Authors also highlighted the mechanisms
responsible for the change in thermal performance.

2 Methods and materials
2.1 Preparation and characterization of nanofluid

In the present study, CuO nanoparticles are purchased from
Alfa-Essar (USA). The weighted nanoparticles were dis-
persed into water to prepare CuO/Water NF. The mixture
was sonicated for 6 h for good stability. The nanoparticles
were in the range of 30-50 nm (Table 1).

In present work, degassed and distilled water was used.
Double distillation unit (double distillation process) was
used to prepare the water. Vacuum degasser was used to
degas the distilled water and nanofluids before charging the
heat pipe. After each experiment, remaining non-conden-
sable gases were also removed with the help of a vacuum
pump. NFs of vol% 0.5, 1.0 and 1.5 have been prepared
by two-step method. Sedimentation test has been done to
ensure the stability of NF. Samples of NFs were kept for
2 weeks. After 2 weeks, no sedimentation or agglomeration
was observed.

2.2 Experimental setup
In the present work, authors investigated the thermal per-

formance of heat pipe using CuO/H,O NF. Figures 2 and
3 show the actual view and schematic view of set up,

Table 1 Nanoparticles details

S.no CuO nanoparticles Description

1 Colour White powder
2 Density 6.31 g/cm?

3 Thermal conductivity 33 Wm K

4 Particle size 30-50 nm

5 Purity (%) >99.9

6 Specific surface area 200220 m%/g
7 Morphology Spherical

8 Atomic weight 79.545 g/mol

@ Springer
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Fig.2 Photographic view of the experimental setup [14]

respectively. Heat is supplied through the evaporator section
using 500 W (circumferential type) electric heater. Control
switch of the heater is used to vary the input power.

In present work, constant temperature water cooling
bath system is used to release the heat transfer through
the condenser section. K-type thermocouples are mounted
on the surface of HP to measure the wall temperatures of
all the three sections. Locations of all the thermocouples
are represented in Fig. 4. At evaporator Sect. 4, thermo-
couples (2 at the outer surface and 2 at inner wall surface)
are mounted. Similarly, at adiabatic and condenser sec-
tion one—one and two—two thermocouples are attached to
outer-inner surface, respectively. All the thermocouples
are attached to a data acquisition system for temperature
recording purpose. A vacuum pump is used to maintain
10-15 kPa vacuum pressure inside the HP. A charging
arrangement is used to fill the different working fluid.

Fig.3 Schematic of the experi-

Fig.4 Locations of all thermocouples on the heat pipe

Filling ratio is considered in the present investigation.
The filling ratio is defined as the ratio of the volume of
working fluid to the volume of the evaporator section. A
stabilizer is used to maintain a constant vacuum pressure
inside the HP. Proper insulation is provided on the outer
surface of the wall.

Two thermocouples are mounted on the outer surface
of the insulation, to measure the heat loss from the HP. At
condenser side, the temperature of inlet and outlet water
was measured by T-type thermocouples. In the present
work, analysis has been done in steady-state. Therefore,
temperatures have been considered after the set attains the
steady-state. The input power supply, filling ratio, concen-
tration of NF and orientation of HP are the input param-
eters. Wall temperatures, thermal resistance and thermal
efficiency are the output parameters. The detail of HP and
the uncertainties in measurements of different parameters
are shown in Tables 2 and 3, respectively.

Cleaning of heat pipe consists of two steps: degreasing
and deoxidization.

Degreasing:

The wire mesh, end caps and inner surface of the tube
were first cleaned with a soft bristle brush.
e Rinsed in clean distilled water.

mental setup [14]
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Table 2 Design parameters of the heat pipe

S. no Name Dimension (mm)/material
1 Heat pipe material Copper
2 Length of the heat pipe 450
3 Outer diameter 24
4 Inner diameter 22.6
5 Evaporator length 150
6 Adiabatic length 100
7 Condenser length 200
8 Wick material Stainless steel (SS304)
9 Wick type Screen wire mesh
10 Mesh per inch 50
11 Number of strands/inch 210
12 Number of multiple layers of 3
similar screen mesh
13 Porosity 0.64
14 Permeability, K (m?) 1.8%x1071°
15 Wire diameter (mm) 0.041
16 Aspect ratio (AR) 1
17 Aperture size per linear inch 17.18
18 Percent open area (POA) 45.65%
19 Wick crimping factor 1.04
20 Thermocouples 10 K-type and 2 T-type

Table 3 Uncertainties in different measurements

S. no Parameters Uncertainties
1 Pressure 0.51%
2 Temperature 0.9 °C
3 Water flow rate 0.82%
4 Current 0.21%
5 Voltage 0.69%

e After that, all the parts were soaked in a solution of

10% sulphuric acid for 30 s.
e Again rinsed with clean water.

e Finally all parts were immersed in a methanol solution

to remove any trace of water.

After these degreasing steps,

conducted.

deoxidization was

e Screen mesh was immersed for 30 s in a liquid deoxi-
dizer that consisted of a combination of sodium dichro-
mate (44 g/L), 7% by volume sulphuric acid and water.

e Finally, all parts were rinsed in clean distilled water for

several minutes.

e All parts were immersed in the methanol solution.

After wick installation, final cleaning was conducted
using 10% by volume sulphuric acid and rinsing in clean
distilled water for several minutes.

During the fabrication of the heat pipe experimental set
up, there was an extra piece of copper pipe. Therefore, a
copper substrate was prepared. The surface roughness of the
substrate was measured by a laser profilometer and found
to be R,=0.22 pm, R,=1.82 pm and R;=0.28. The sub-
strate was boiled with nanofluid for 1.5 h. After boiling,
surface roughness was again measured and found the higher
value of surface roughness (R,=0.25 ym, R,=1.91 um, and
R,=0.35). The surface roughness was increased due to the
deposition of nanoparticles on the surface. Due to the pres-
ence of nanoparticles layer, wettability increases which in
turn increase the critical heat flux and finally enhanced the
thermal performance of the HP [26].

2.3 Uncertainty analysis

In experimental work, uncertainty analysis is an inevitable
step. Moffat [27] presented the method of describing the
uncertainty in the experimental study. The uncertainties in
the measurement of heat input, heat flux and thermal resist-
ance are calculated as [28]

1

AQ _[rAV\?  (AINY] 2 :
6‘[(7)*(7)] M
Aq  [[a0\* [aay? "

Aq AQ A4 2
q ( 0 > +< A ) *

i 2 2 1/2

AR _ <AQ> (A(AT)> 3
2o (=) o+ (== 3)
R 0 AT

The uncertainty associated with the heating area was cal-
culated and found to be approximately 1.2%. The uncertainty
in the heat loss was 5.4%. The maximum uncertainty in heat
supplied, heat flux and thermal resistance were 3.4%, 4.9%
and 6.8%, respectively. Similarly, uncertainty associated
with filling ratio was 3.5% approximately.

2.4 Governing equations

Suppose, Ty, and T, are the average wall temperatures of
the outer surface of the evaporator and condenser section,
respectively. Similarly, Tg; and T are the average wall tem-
peratures of the inner surface of the evaporator and con-
denser section, respectively.

@ Springer
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There are two thermocouples (K-type) attached to the outer
surface and two thermocouples (K-type) attached at the inner
surface of the evaporator to measure the temperatures. Simi-
larly, there are two thermocouples (K-type) attached to the
outer surface and two thermocouples (K-type) attached at the
inner surface of the condenser section to measure the tempera-
tures. The thermal resistance of the evaporator section (RE) is
defined as the ratio of temperature difference of outside and
inside wall surface of the evaporator section (ATE) to the heat
supplied (Q;,)- Therefore, ATy = Ty, — T§;

The thermal resistances of the evaporator section is calcu-
lated as [29]:

AT
Rp = —L
Qin

Similarly, the thermal resistance of the condenser section
(R )is defined as the ratio of temperature difference of outside
and inside wall surface temperature (ATC) to the heat rejected
through the condenser section (Qout).

Therefore, AT =T, — T

The thermal resistances of the condenser section are cal-
culated as [29]:

@

= O ©)
The total thermal resistance of HP is calculated as
R= (TEO - Tco )/Qoul (6)

Convective heat transfer coefficients of the evaporator (4,)
and condenser (hc) sections are calculated as:

b= — ™
‘ ﬂdle<TE,i - Tsat)
o
he = ————— 8
”dlc<Tsal - Tc,i) ( )
The effective thermal conductivity (K) of HP is expressed
as:
Keff = Leﬁ‘/ (AcsR) (9)
Lg=L/2+L,+L_ /2 (10)

Thermal efficiency is the performance index of the HP. It is
defined as the ratio of heat transferred through the condenser
section to the heat supplied to the evaporator section of HP.
Thermal efficiency (77) can be determined as:

MC(T, - T;)

11
Qin ( )

n
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where M is the mass flow rate of cooling water, C is the
specific heat of water and (T, — T) is the temperature differ-
ence of outlet and inlet cooling water, where heat is supplied
to the evaporator section (Q;, ) = VI.

2.5 Experimentation

Experiments were performed to examine the heat transfer
performance of NFs concerning the base fluid (distilled
water). The thermal efficiency of HP using distilled water
and NFs as working fluids was investigated. The filling ratio
was taken as 50%. The orientation of the HP was horizontal
(Inclination angle =0°). Figure 5 shows the variation in the
thermal efficiency of HP with power and concentration of
nanofluids.

Figure 5 shows that NF-filled heat pipe shows higher ther-
mal efficiency as compared to water. Among all the concen-
tration (0-1.5%), 1.0% NF-filled heat pipe shows 13.16%
higher thermal efficiency as compared to water. Figure 6
shows the variation of thermal resistance with power for
different working fluids.

Figure 7 shows that the effect of nanoparticles deposition
reduces the thermal resistance of heat pipe using pure water
as working fluid. In the present experimental investigation,
four measurements have been taken for each experiment and
their standard deviation has been considered as error margin.

Authors used distilled water as working fluid and noticed
that the thermal resistance increases with the increase in
negative angle (Fig. 8). Heat pipe experimental set up works
well for all negative angles (0°,15°,30°,45°,60°,75° and 90°).

Figure 9 shows the variation in thermal resistance of
HP with power for different gravity-assisted inclination
angles using D.I water as working fluid. Thermal resistance

741 = Distilled Water
72 4 [ ] 0.5% NF
704 A 0.75% NF
2 68 4 v 1.0% NF
s 66 < 125%NF
z » 1.5%NF
5o T
<9
E 62 T % %
= 60+ T %
LRI :
= -
2 56 : % %
54 -
2] & F
50 L] T T T L]
25 50 75 100 125 150 175

Power (Watts)

Fig.5 Variation in thermal efficiency with power and concentration
of nanofluids
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Fig.6 Variation of total thermal resistance with power for CuO/H,O
nanofluids
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Fig. 7 Variation of total thermal resistance with power for pure water

decreases up to 30° and beyond that, it increases. The exist-
ence of inclination angle corresponding to minimum thermal
resistance (or maximum thermal performance) is decided by
gravity force, flow resistance and capillary effect etc.

2.6 RSM methodology

RSM methodology is used to find the optimum solution. It
is used to access the best structure of the input variables for
achieving the highest results with the least number of tests.
This technique can be utilized in certain fields and does not
have any constraint-based on its application.

In this work, RSM architecture that can suitable the
central composite rotating design (CCRD) matrix, which

Power (Watts)

Fig.8 Variation in thermal resistance of HP with power for gravity
opposed angles using distilled water

FhHA -0 B9
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e i * 90°
8 0.50 - E
5 Py
wv
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[
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Fig.9 Variation in thermal resistance of HP for gravity-assisted
angles using distilled water

has five stages concerning the individual factors. The most
fruitful and best among architecture available in the middle
composite rotating architecture which is adapted by adding
two laboratory experiment level along with each coordinate
axis at the opposite direction of the origin and a distance
same to the semi-diagonal of the hypercube of the factorial
architecture and new extreme values (low and high) for each
factor added in this architecture. In this work, input power,
inclination angle, filling ratio and concentration of NF were
considered as an input variable and potentially affect the
system responses. The system responses considered are
wall temperature, thermal resistance and thermal efficiency.
System range of inputs with different levels is mentioned in

@ Springer
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Table 4. Experimental results obtained after implementing
the CCRD are stated in Table 5.

After the experimentation, as per the architecture matrix,
ANOVA was applied, which offers quantitative results about
the p value. The p value is explained as the alternative to the
rejection levels to provide the lowest level of worth at which
the null hypothesis would be rejected. The highest level of p

Table 4 Coded stages

System inputs Coded stages

-2 -1 0 1 2
Power input (W) 50 75 100 125 150
Inclination angle (6) 30 45 60 75 90
Filling ratio (%) 30 40 50 60 70

Nanofluid concentration (wt%) 0.5 0.75 1.0 1.25 1.5

is taken as 0.05 and the values above than 0.05 are referred
to as irrelevant.

To ensure RSM feasibility of the developed model, the S
value was obtained for wall temperature, thermal resistance
and thermal efficiency which are 0.726, 0.426 and 4.991,
respectively. R? value are 95.11%, 96.93% and 95.29%,
respectively, R* (adj) values are 92.9%, 96.48% and 96.9%.
The “R? value” is satisfactory as it was above 95% for the
samples.

S Value represents the average distance that the observed
values fall from the regression line. Smaller values indicate
that the observations are closer to the fitted line. R evaluates
the scatter of the data points around the fitted regression line.
R? value can be given by the percentage of the dependent
variable; higher R? values indicate the feasibility of data
analysis.

Table 5 Experimental design

- S. no Power (W) Angle (0) Filling Concentra- Temp. (°C) TR (°C/W) TE (%)
matrix ratio (%) tion (%)
1 125 75 60 1.25 81.5 0.515 66.5
2 100 60 50 1.0 78 0.4 65
3 100 60 50 1.0 78 0.4 65
4 100 60 70 1.0 75 0.47 62
5 125 45 60 0.75 82.5 0.515 64
6 75 45 60 0.75 75.5 0.63 60
7 125 75 60 0.75 83 0.555 63.5
8 75 45 40 1.25 79.5 0.58 62
9 75 45 60 0.75 75.5 0.62 60
10 100 60 50 0.50 81 0.5 61.2
11 100 60 50 1.0 78 0.4 65
12 100 60 30 1.0 82 0.45 60
13 75 75 40 1.25 80 0.61 61.5
14 100 60 50 1.0 78 0.4 65
15 100 60 50 1.5 82 0.45 64
16 125 75 40 0.75 87.5 0.57 62.5
17 75 75 60 1.25 77 0.59 62.5
18 50 60 50 1.0 72 0.58 60
19 75 75 60 0.75 76 0.64 59
20 100 30 50 1.0 81 0.52 63
21 100 90 50 1.0 80 0.6 60
22 75 45 60 1.25 76 0.6 63
23 100 60 50 1.0 78 0.4 65
24 100 60 50 1.0 78 0.4 65
25 125 45 40 1.25 86.5 0.475 66
26 125 75 40 1.25 87 0.5 65.5
27 125 45 60 1.25 83 0.485 67
28 75 75 40 0.75 79.5 0.64 58.5
29 100 60 50 1.0 78 0.4 65
30 125 45 40 0.75 86 0.55 63
31 150 60 50 1.0 83 0.378 69

@ Springer
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3 Discussion on findings

MINITAB17 software was used to obtain the surface
and contour plots. In the present study, four input param-
eters like power input, inclination angle, filling ratio and
nanofluid concentration are considered. Plots are drawn
between two input control parameters, at the same time;
another two input control parameters remain constant as
hold values. These hold values are cited in every surface
and contour plots, in this work hold values take central
values mentioned in Table 4.

3.1 Effects of operating parameters on wall
temperature

Figure 10a, b shows that wall temperature is directly pro-
portional to the power supply and it decreases with the rise
in inclination angle up to 60° (approximately) and after
that, it increases. Figure 10a shows that the wall tempera-
ture variations with a change in power supply and incli-
nation angle (the FR and concentration of NF remained
constant). Figure 10a shows that the wall temperature
increases (the maximum increment is 20 °C) with power
supply (50-150 W). When heat supply increases at the
evaporator section, more heat is conducted through the
wall surface in the axial direction and the radial direction.
Heat absorption in radial direction depends upon various
parameters like conductivity of wall surface and working
fluid [30]. Heat is absorbed by working fluid conducted
towards the condenser section. During movement of
vapour from the evaporator section to the condenser sec-
tion, heat is also conducted towards the wall surface of HP.
It can be concluded that wall temperature will be higher
for relatively less heat absorption and conduction through
the working fluid. Therefore, the increase in heat supply to
the evaporator section ultimately increases the wall tem-
perature of HP. Figure 10b shows that wall temperature
increases with the increase in power (50-150 W) supply
at any inclination angle. Wall temperature decreases by
15 °C with the rise in inclination angle up to 60° (approxi-
mately) and beyond that it again increases. It is observed
that the minimum temperature (less than 74 °C) occurs at
55 W power and 60° inclination angle (approximately).
During the working of HP, the counter flow of vapour
from the evaporator to condenser section and the conden-
sate moving from condenser section to evaporator section
interacts with each other and with other parts of HP also.
During the interaction, heat exchange and fluid dynamics
combine and show various outcomes. Buoyancy forces
act in the upward direction and behave as a driving force
for the vapour form of the working fluid. In the inclined

position of HP (between 0 and 90°), the condensate of
working fluid is moving in downward direction under the
action of gravity. Capillary forces in wire mesh are also
working in the same direction. Surface wettability is the
property to spread the liquid on the surface [31]. It is the
combined effects of surface characteristics, thermophysi-
cal properties of the liquid, surface tension and contact
angle (liquid—solid interface). So there are a large num-
ber of parameters involved in this process. The optimum
inclination angle is the balancing point of all the relevant
parameters [26].

Figure 10c displays the temperature variation with incli-
nation angle and nanofluid concentration (power and fill-
ing ratio remained constant). With the advancement of the
nanofluid concentration and inclination angle, temperature
decreases by 10 °C, after that temperature increases. Fig-
ure 10d shows that minimum wall temperature (maximum
heat conductance) achieved with inclination angle 60°
(approximately) and 1% nanofluid concentration.

Heat conductance increases (wall temperature decreases
by 10 °C) up to 1% concentration, due to the increase in
thermal conductivity of NF. Other thermophysical proper-
ties like specific heat and thermal diffusivity improve and
leading to significant enhancement in heat transfer from
the evaporator section to the condenser section. Suspended
nanoparticles deposit on wall and mesh wick surface and
change the surface characteristics. Deposition of nanopar-
ticles on mesh wick surface acts as a coating layer lead-
ing to the enhancement in effective thermal conductivity
of the wick structure and finally enhance the heat transfer
performance of HP [22]. Deposition of nanoparticles (up to
a certain limit) improves the capillary force and after that,
if deposition further exceeds, the capillary force decreases.
The decrease in capillary force causes a decrease in conden-
sate flow from condenser to the evaporator section. The dep-
osition limit up to which capillary force increases and after
which it decreases will depend upon other design param-
eters of mesh wick like material, dia of mesh wire, aper-
ture and porosity etc. [12]. Figure 10e, f shows surface and
contour plot showing the variation in wall temperature with
power and concentration (inclination angle and filling ratio
remained constant). The reason for the aforesaid variation
has already been explained. Figure 10g, h shows surface and
contour plot showing the variation in wall temperature with
filling ratio and concentration (inclination angle and power
remained constant). It can be noticed that wall temperature
reduces (by 12 °C) with the increase in filling ratio. Increase
in filling ratio increases the heat absorption at the evapora-
tor section. Enhanced heat absorption by the working fluid
causes a decrease in wall temperature. In the present study,
filling ratio increases from 30 to 70%. As the filling ratio
increases at a constant power supply, the wall temperature
decreases but if input power supply increases for given
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«Fig. 10 Surface and contour plots of wall temperature with angle and
power (a, b), with concentration and angle (¢, d), with concentration
and power (e, f), with concentration and filling ratio (g, h) and with
filling ratio and power (i, j), respectively

filling ratio, the vapour pressure increases. If the increase
in vapour pressure continues, the condition of vapour lock
may occur. Figure 101, j shows surface and contour plot
showing the variation in wall temperature with power and
filling ratio (inclination angle and nanofluid concentration
remained constant). The reasons for the change in wall tem-
perature with the increase in power and filling ratio have
already been explained.

3.2 Effects of operating parameters on thermal
resistance

During the experiments, water evaporates and moves
towards the condenser section. Therefore, the concentration
of NFs increased in the evaporator section. After condensa-
tion, water retuned back towards the evaporator section due
to the capillary action. The movement of nanoparticles with
water vapour, from the evaporator to condenser section, is
not accepted by the majority of the researchers. Similarly,
from the condenser to evaporator, water is raised due to the
capillary action of mesh wick. Nanoparticles accumulated
at the surface of the mesh and HP. Due to deposition of
nanoparticles on the surface of the HP and mesh, an artificial
porous layer is formed. There are bubbles formations at the
solid—liquid interface. These bubbles are responsible for the
TRHP. The nanoparticles punctured the bubbles and reduced
the thermal resistance. Accumulation of nanoparticles on the
wick surface builds an artificial porous layer which increases
the capillary effect and thermal conductivity of the wick
surface leading to the enhanced TPHP [22].

Figure 11a—h shows the variation in TRHP with the
increase in all four operating parameters. The TRHP is cal-
culated by Eqs. 4-6. The total thermal TRHP is the sum-
mation of evaporator thermal resistance and condenser
thermal resistance. Figure 11a shows the variation in TR
with the increase in power and inclination angle (FR and
concentration of NF remained constant). From Fig. 11a, it
can be noticed that the TRHP reduces with the increase in
power (up to 120 W) after that it is increased slightly up
to 150 W power. TR is reduced by 40% at 120 W power
supply. The main reasons for change are like increase in
TCNF, vapour velocity, micro-convection currents and
critical heat flux [21]. As the power increases, the excess
temperature (difference of solid surface and saturation tem-
perature of liquid) increases. The bubbles movement from
nucleation sites to the liquid surface is also increased. After
reaching a certain value of excess temperature, the bubbles
start collapsing and diffusing in the liquid and finally heat

transfer takes place. Therefore, the increase in power supply
reduces TRHP. Figure 11b shows the contour plot between
the power and inclination angle, it was observed that mini-
mum TR (less than 0.4 °C/W) occurs at 125 W power and
60° inclination angle (approximately). It can also be noticed
that TR reduces (up to 40%) for 60° inclination angle and
beyond that, it increases. There are two types of orientation
(inclination angle) of HP, i.e., gravity-assisted and gravity
opposes angles. In the present study, the authors considered
gravity-assisted angles only. In gravity-assisted inclinations,
condenser remains at a higher elevation as compared to the
evaporator. So condensate flows in downward direction
under the action of gravity. The capillary force also acts in
the same direction (downward). The surface roughness of the
wick and wall surface resists the condensate flow. Therefore,
most favourable angle for the TPHP is the balancing point
of all the above forces [32]. The wettability of solid surface
depends upon the solid-liquid contact angle, surface tem-
perature, inclination angle and thermophysical properties of
the working fluid. The reason for the variation in TR with
the change in power, filling ratio, nanofluid concentration
and orientation of HP is almost similar as in the case of wall
temperatures. Figure 11c displays the TR behaviour with
inclination angle and concentration (power and filling ratio
are constant). The effects of inclination angle on thermal
resistance have been already explained. Figure 11d shows
that minimum TR (less than 0.4 °C/W) noticed with the
inclination angle of 60° and nanofluid concentration of 1.1%.

The TR of the evaporator section decreases with the
increase in the concentration of NF. The possible mecha-
nisms are due to the enhancement in TCNF, wettability, sur-
face area and critical heat flux etc. [33]. Conversely, the TR
of the condenser section increases with the increase in the
concentration of NF. It is due to the increase in deposition
of nanoparticles on the condenser surface. The reduction
in thermal resistance at the evaporator section is higher as
compared to the enhancement in thermal resistance of con-
denser section [29]. The total thermal resistance of HP is the
summation of evaporator and condenser thermal resistances.
Therefore, the overall TRHP decreases with the increase in
the concentration of NFs.

Figure 11e, f shows the variation in TR with the increase
in power and concentration. The reduction in TR is obtained
by 50% for approximately 1.0% concentration and 120 W
power supply. Mechanisms of variation in TR with the rise
in power and concentration have been already explained.
Figure 11g, h shows the variation in TR with the increase
in concentration and FR. The reduction in TR is obtained
by 50% for approximately 1.1% concentration and 50% FR.
Similarly, the mechanisms/causes responsible for this vari-
ation have been discussed.

Figure 11i, j shows that minimum TR lies in filling
ratio range of 43-58% (approximately) and a power range

@ Springer



590 Page 12 of 16

Journal of the Brazilian Society of Mechanical Sciences and Engineering

(2020) 42:590

TR (C/Watt)

|

|

\

“
A

Power (Watt)

0 T

Hold Values
Filling Ratio (%) 50
Concentration (%)1

100 125
P(Watt)

m 07 - 08
m o
Hold Values

FR(%) 50
Con(%) 1

@)

@)

150 .
Hold Values o
Power (Watt) 100 ’
Filling Ratio (%)50 _
&
c 100 Hold Values
S P(Watt) 100
© FR (%) 50
075
o050 & ‘
30 40 50 60 70 8 9
Angle
(c) (d)
‘ T TR (C/W)
m <04
04 - 05
Hold Values 125 M e 03
Angle 60 m > 07
07 | Fillng Ratio (%50 —
& 100 Hold Values
Y c Angle 60
TR (C/Watt) 0.6 | J S FR (%) 50
05 iy ST
075
04
10 :
so» — Concentration (%)
100 g5 050 75 100 125 50
Power (Watt) L P(Watt)
(e)
‘ i =LA ,, TR (C/W)
— = < 040
— M 0.40 - 0.45
‘ Hold Values 0.45 - 050
050 - 055
07 ‘ Power (Wattj00 M 055 - 060
Angle 60 M 060 - 0.65
= = > 065
” I— g,
TR (C/Watt) S Hold Values
05 - © P(Watt) 100
§ 15 Angle 60
04 10
o Concentration (%)
30 S
4 —
—~ 05
o 3 7 0
Filling Ratio (%) FR (%)
T TR (C/W)
— <04
| Hold Values g-g - gg
Angle 60 06 - 07
Concentration (%)1 m 07
|
07 | Hold Values
Angle 60
TRC/Wat) 06 con®) 1
05 gy
40
04 /60
c “ 45  Filling Ratio (%)
500 T "
" R & *%0 i3 100 125 150
Power (Watt) P(Watt)

@ Springer



Journal of the Brazilian Society of Mechanical Sciences and Engineering

(2020) 42:590

Page 130f 16 590

«Fig. 11 Surface and contour plots of thermal resistance with angle
and power (a, b), with concentration and angle (¢, d), with concentra-
tion and power (e, f), with concentration and filling ratio (g, h) and
with filling ratio and power (i, j) respectively

of 100-135%. The maximum reduction in TR noticed was
50% (approximately). The change in TR due to variation
in power supply, inclination angle, concentration and FR
have been discussed. The mechanisms responsible for the
variation in TEHP with the change in power supply, incli-
nation, filling ratio and nanofluid concentration are very
similar that of wall temperature and TRHP. The change in
wall temperature is responsible for the change in TRHP
and TEHP.

The responsible mechanisms can be summarized as
follows:

e The most dominating parameter, responsible for the
change in TP is the enhancement in thermophysical
properties of NFs.

e The nanofluid application enhances the critical heat
flux; therefore, the operating range of HP increases.

e Due to deposition of nanoparticles on wall/wick sur-
face, contact angle for solid-liquid surface decreases,
wettability increases, and therefore, thermal perfor-
mance improves.

e Deposition of nanoparticles builds a porous artificial
layer on a solid surface, reduced the bubble formation
rate and TRHP

e The most favourable inclination angle of HP exists at
balancing point of the buoyancy force, gravitational
force, viscous force and surface roughness etc.

These are the major and most accepted mechanism of
enhanced heat transfer [30]. The research is still in the
nascent stage. Therefore, it is inevitable to explore more
facts to draw more firm conclusions.

3.3 Optimization response

RSM optimizer used to find optimum input parameters
setting for best possible responses is shown in Fig. 12.
The multi-objective optimization was carried with the
different weightage of input parameters. The objective
of the present study is to enhance the thermal efficiency
(TE) with the lowest possible values of temperature and
thermal resistance.

Optimum values of TE, TR and temperature were
found 66.40%, 0.3884 °C/W and 78.86 °C with input
parameters at 111.6 W Power, 58.5° inclination angle,
55% filling ratio and 1.1% concentration.

4 Test results validation

To validate the RSM best-utilized findings, experiments
were carried out at 111.6 W Power, 58.5° inclination
angle, 55% filling ratio and 1.1% concentration. The labo-
ratory examination details are shown in Table 4 and shows
the responses TE, TR and temperature. Experimental
responses were compared with the RSM optimizer values
(Table 6).

The percentage errors for the findings TE, TR and
temperature are 2.86, 2.89 and 2.21, respectively, and
were well within the limits. Hence, the RSM-predicted
results can be applied for best utilize for the input setting.
Kumaresan et al. [34] also examined the TPHP using CuO/
H,O NF as working fluid. Authors noticed the enhance-
ment in TPHP using CuO/H,0 NF as the working fluid.
Most favourable inclination angle and NF concentration
was 60° and 1.0 vol%, respectively. Similarly, Venka-
tachalapathy et al. [35] also used CuO/H,0O NF as work-
ing fluid in HP. Researchers noticed a maximum reduc-
tion of 15.3 °C in evaporator wall temperature. Maximum
reduction of 26.88% in TR was obtained at 60° inclination
angle. It has been noticed that the experimental results of
present work are in good agreement with the results of
Kumaresan et al. [34] and Venkatachalapathy et al. [35].

4.1 Temporal deterioration in thermal performance

In prolonged working condition, due to sedimentation
and agglomeration, the thermophysical properties of
nanofluids deteriorate with time. Therefore, the thermal
performance of nanofluid filled heat pipe also deterio-
rates. Figure 13 shows that the thermal efficiency of heat
pipe deteriorates with time. In the present work, response
surface methodology is used to optimize the thermal effi-
ciency of the heat pipe. The optimum value of thermal
efficiency was 64.54%. After the 1-week, thermal effi-
ciency was 63.94%. The deterioration in thermal efficiency
depends upon the nanofluid concentration. After 6 weeks,
4.2% deterioration in thermal efficiency was observed. The
deterioration in thermal efficiency will depend upon nano-
particles type, size, concentration, base fluid etc.

Figure 14a, b shows the FE-SEM images of HP mesh
surface before and after the application of NF.

It can be noticed that nanoparticles are deposited on
the mesh surface after the experimentation. The change in
surface characteristics depends upon shape, size and type
of nanoparticles. There are many other hidden facts which
decide the surface characteristics of the HP surface. The
further study is required to explore the facts, related to the
surface characterization of nanoparticle-deposited surface.
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Fig. 12 Optimization plot Optimal Power (Watt) Angle () Filling Ratio (%)  Concentration (%)
D:0.7385 Range: (50--150.0) Range: (30-90) Range: (30-70) Range: (0.5-1.5)
Prediction Optimum value Optimum value Optimum value Optimum value
111.6 Watt §8.5¢ 55% 1.1%

Composite
desirability
(D) =0.7385

(Maximum
thermal
efficiency
=66.40%)
(D=0.75232)

(Minimum
thermal
resistance
=0.3884°C/W)
(D=0.96027)

(Minimum wall
temperature
=78.8602°C)
(D=0.55741)

Table 6 Validation test

Response at 111.6 W, 58.5° inclination angle, 55% filling ratio and
1.1% concentration

Response Predicted Actual % Error
TE (%) 66.40 64.54 2.86
TR (°C/Watt) 0.3884 0.39996 2.89
Temperature (°C) 78.86 80.65 2.21
72
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Fig. 13 Deterioration in the thermal efficiency of heat pipe with time
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5 Conclusions

An experimental investigation was conducted for finding the
thermal performance of heat pipe using CuO/H,0 nanoflu-
ids. Response surface methodology was used to predict the
optimum value of thermal efficiency, thermal resistance and
wall temperature of the heat pipe. A summary of the results
obtained from the present investigation is presented below:

¢ CuO/H,0 nanofluid is an effective working fluid for the
heat pipe. Thermal performance of heat pipe using CuO/
H,O nanofluids as working fluid is higher as compared
to that of the base fluid.

e The optimum value of thermal efficiency, thermal resist-
ance and wall temperatures are 66.4%, 0.3884 °C/W and
78.86 °C, respectively. Optimum values are obtained at
111.6 W power input, 55% filling ratio, 1.1% nanofluid
concentration and 58.5° inclination angle.

e Response surface methodology is an effective tool to
predict the thermal performance of the heat pipe in a
wide range of operating parameters. The predicted and
experimental data are in good agreement.

All operating and design parameters have their individual
as well as combined effects on the thermal performance of
heat pipes. More experimental and numerical studies are
required to explore the interaction effect among all the
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Fig. 14 FE-SEM images heat
pipe mesh surface a before
and b after the application of
nanofluid

parameters of the heat pipe. Exploration of the hidden facts
responsible for the change in thermal performance of heat
pipe using various nanofluids is the future research work of
the present study.
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