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Abstract

Nanofluids are emerging two-phase thermal fluids that play a vital part in heat
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Full list of author information is scanning electron microscopy analysis. Subsequently, few volume concentrations
available at the end of the article (0.0125-0.19%) of hybrid Al,O3-SiO, nanofluids were formulated via dispersing both

ceramic nanoparticles considered at 50:50 ratio into base fluid combination of 60%
distilled water (W) with 40% ethylene glycol (EG) using an ultrasonic-assisted two-
step method. Thermal resistance besides heat transfer coefficient have been
examined with cylindrical mesh heat pipe reveals that the rise of power input
decreases the thermal resistance and inversely increases heat transfer coefficient
about 5.54% and 43.16% respectively. Response surface methodology (RSM) has
been employed for the investigation of heat pipe experimental data. The significant
factors on the various convective heat transfer mechanisms have been identified
using the analysis of variance (ANOVA) tool. Finally, the empirical models were
developed to forecast the heat transfer mechanisms by regression analysis and
validated with experimental data which exposed the models have the best
agreement with experimental results.

Keywords: Nanofluid, Heat pipe, Heat transfer enhancement, ANOVA, Response
surface methodology

Introduction

Nanofluid is an efficient working medium for heat transfer applications in automobile
industries, solar collectors, air conditioning, nuclear reactors, microelectronics, com-
puters, and cooling electronic devices [1]. Effectiveness of heat exchanging systems is
primarily connected with thermal transport properties of working liquids. Among
many heat exchangers, a heat pipe is the modest heat exchanging apparatus that trans-
fers the huge amount of heat energy because of its principle of phase change and
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capillary action [2]. Generally, distilled water, engine oils, and ethylene glycol (EG) were
used as heat transfer fluids in the heat exchanger, which exhibited less effectiveness in
heat, transfer processes [3, 4]. In this regard, many researchers focused their attention
on the enrichment of heat transport behavior on conventional working solutions by
dissolving the solid nanosized particles (1-100 nm) into conventional fluids, called
nanofluids [5-8]. Choi et al. [9] first successfully prepared and analyzed the dispersal of
solid nanosized particles into the conventional fluid. He proved the efficiency of nano-
fluid in thermal conducting features by his work.

Hsin-Tang Chien et al. [10] remained the first one in the evaluation on the efficiency of
heat pipes charged with nanofluids. Later, many experimental research works have been
conducted by the researchers to assess thermal transferring efficiency on variety of heat
pipes with a sort of single component fluids [11-15]. Solomon et al. [16] observed that
the heat pipe charged with 0.1% addition of Cu-water nanofluid increases the effective
thermal conductivity of the wick structure and enhances the heat transfer capability of the
heat pipe by 20%. Akbari et al. [17] analyzed thermal performance and flow regimes of
pulsating heat pipe with Graphene/water nanofluid and titania/water nanofluids. They re-
ported that more stable nanofluid has a better thermal performance 70% flow regimes for
70 W. Salehi et al. [18] studied the thermal characteristics of a two-phase closed thermo-
syphon with Ag/water nanofluid as working fluid and applying a magnetic field. The ex-
perimental results showed that the thermal resistance of the thermosyphon decreases
with nanoparticle concentration as well as magnetic field strength. Ghanbarpour et al.
[19] performed an experiment to investigate the thermal performance of wick structured
cylindrical heat pipes using SiC/water nanofluid. Thermal resistance reduction of heat
pipes by 11%, 21%, and 30% was observed with SiC nanofluids for 0.35%, 0.7%, and 1.0%
volume concentrations. Saeed Zeinali Heris et al. [20] proved that the thermal efficiency
of the thermosyphon was improved by analyzing the heat transfer performance of two-
phase closed thermosyphon with oxidized CNT/water nanofluids. Zeinali Heris et al. [21]
experimentally studied the heat transfer performance of a car radiator with CuO/Ethylene
Glycol-Water as a coolant and their results showed that nanofluids clearly enhanced the
heat transfer coefficient of about 55% compared to the base fluid.

Previously, researchers examined CuO, Fe,Os, Al,O3 & SiO, [6] single component
nanofluids that alter the specific heat capacity, density, thermal conducting feature, as
well as viscosity of fluids. Therefore, it is understood that thermophysical properties es-
sentially influences to thermal transferring ability [22, 23]. It is important to indicate
that all the combinations of metal-metal, metal-ceramic, and ceramic-ceramic hybrid
nanofluids revealed extensive enhancement in thermal conductivity and other thermal
characteristics [24—26]. Studies from literatures revealed the thermal transfer features
of nanoparticles in aqueous ethylene glycol combination exposed substantial conse-
quences than the common base fluids [25, 27-31]. In our work, the base fluid mixture
ratio 60:40 is chosen after several trials. Because, the performance with nanoparticles in
W/EG in 60:40 proportion have been intensified significantly in thermophysical proper-
ties, stability and thermal conductivity compared to either of the fluids [25, 28, 29].

Among all-ceramic nanoparticles, Al,O3 differs from metallic nanoparticles due to its
capability of easy incorporation to fluids. Though the thermal conductivity of Al,Os is not
significant compared to metal oxides like ZnO and CuO, it is having higher thermal con-
ductivity than the conventional heat transfer fluids [32]. Experimentation on Al,O3
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nanoparticles exhibited higher hardness, higher insulation, and higher stability. Especially,
stable suspensions of aluminium oxide nanoparticles were obtained with the suspended
particles inside W/EG solvent [28, 33]. Mashaei et al. [34] analyzed using Al,Oz/water
nanofluid with 0 vol%, 2 vol%, 4 vol%, and 8 vol% in a cylindrical heat pipe which had
multiple evaporators. It was found that increase in heat load and concentration of nano-
particles resulted in higher heat transfer coefficient. Keshavarz Moraveji and Razvarz et al.
[35] tested alumina/water nanofluid in a sintered wick heat pipe. They found the aug-
mented heat transfer performance for 3% volume concentration of the fluid. Using Al,O3/
water nanofluids, Noie et al. [36] studied thermal efficiency of a two-phase closed thermo-
syphon (TPCT). Their results indicated that thermal efficiency improved by increasing the
volume fraction of nanoparticles and power. Similarly, SiO, nanofluids also shows the en-
hanced thermal performance. Nabil et al. [25] experimentally tested the thermal conduct-
ivity of TiO,-SiO,/W-EG nanofluids and observed 22.8% maximum enhancement for 3%
volume concentration by increasing the volume concentration and temperature. Using
SiO,—G/EG nanofluid, Akilu et al. [28] established the enhancement in thermal conduct-
ivity and viscosity by 26.9% and 1.15 times than the base fluid alone. Yildiz et al. [1] com-
pared the hypothetical and experimental thermal conductivity models and evaluated
aqueous-based Al,O3/SiO, nanofluids efficiency with heat pipe. They observed no signifi-
cant heat transfer results. Upon deep survey of literature, heat pipe enactment using hy-
brid nanofluids seems to finite. In addition, there is no such work described in the
literature related to the heat transfer analysis in cylindrical mesh heat pipe charged with
W/EG based hybrid Al,O3—-SiO, nanofluids.

For better understanding and predicting the experimental process, the models like artificial
neural network (ANN) as well as response surface methodology (RSM) would be the power-
ful tools that are established from the experimental data. Recently, researchers proposed
RSM statistical modeling to estimate the various nanofluids’ thermal properties based on in-
put parameters such as temperatures and mass volume concentrations. They analyzed the ef-
ficiency as well as the performance of heat transfer liquids in detail and illustrated the
proposed models were agreed to the experimental data [37—-40]. Hemmat et al. [41] designed
ANN model on thermal conductivity of Al,O3 nanoparticles in W/EG solution with the ex-
perimental results. No other work has emphasized the model development using RSM with
these two combinations of nanoparticles especially in W/EG mixture. Hence, we focused on
the development of the regression models and ANOVA technique with RSM to estimate the
correlation between the empirical heat transfer performance data and the models.

This work investigates the heat transfer performance of cylindrical screen mesh heat
pipe charged with hybrid W/EG based Al,O3-SiO, liquids with different volume concen-
trations for 0%, 0.0125%, 0.025%, 0.05%, 0.075%, and 0.1% at the moderate heat inputs of
30, 60, and 90 W. Response surface methodology and ANOVA tool were employed to in-
vestigate the relationship between dependent and independent variables. New regression
correlations were established using the experimental results for the assessment of thermal
resistance besides heat transfer coefficient that is not noticed in the literature widely.

Methods
All the chemicals used in testing have been purchased from Sigma-Aldrich in the ana-
lytical grade and used for experimentation without further purification.
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Production of Al,03 and SiO, nanoparticles and its nanofluids

Sol-gel procedure was engaged for the synthesis of Al,O3; and SiO, ceramic nanoparticles.
In a typical production of Al,O3 nanoparticles, 10 g of aluminium nitrate was amalgam-
ated with 104 ml of ethanol, 70 ml of water, and 10 ml of polyethylene glycol (PEG) under
constant stirring in a magnetic stirrer for 30 min. Then 16 ml of ammonia suspension
drizzled drop wise inside the above mixture and stirred over 3 h at 80 °C resulting in the
formation of a white gel. The gel was kept at room temperature overnight for aging. The
white precipitate was obtained after the centrifugation process and washed three times
using water and ethanol solutions to eliminate the residuals and impurities. Finally, the
particles were calcinated at 750 °C in a muffle furnace and then grinded with mortar and
pestle. SiO, nanoparticles have been prepared with TEOS, water, ethanol, PEG also am-
monia solution in the quantity of 20 ml, 35 ml, 100 ml, 35 ml, and 10 ml respectively
under vigorous stirring using the magnetic stirrer. Finally, the obtained white slurry gel
was dried and calcinated at 750 °C for 5 h in a muffle furnace. The synthesized salts of
white agglomerates were powdered using mortar and pestle.

The production of hybrid nanofluids was carried out through the famous two step
mode with synthesized Al,O3 and SiO, nanoparticles, which accounts for producing
bulk nanofluids with low cost. In the first step of preparing Al,O3—SiO, hybrid nano-
fluid, the nanoparticles were taken in the ratio of 50:50 each by weight concentration
of each type of nanoparticles and dispersed in 60% water and 40% ethylene glycol. To
overcome the stability, 2 g of challenge CTAB surfactant is added to above combination
[34, 36]. Subsequently, ultrasonic vibration using ultrasonicator (170V AC — 270 V AC,
50 Hz, operating frequency 50 kHz, single phase model, Labline make, Mumbai, Maha-
rashtra) of 30 min for each sample is employed to break the clustering the solid parti-
cles and uniform scattering of the particles inside base fluids [28, 40]. Thus the hybrid
Al,03-SiO, nanofluids for several volume concentrations (¢) have been prepared at
room temperature by the eq. (1)

. Wip /Py
W”P/pnp + be/pbf

X 100 (1)

where, w,,,w,;, is the weight of both nanoparticles, w, is the weight of W/EG solu-
tion,pn;, is both nanoparticles density, and pnds W/EG solution density.

Cylindrical heat pipe experimental setup

The schematic of cylindrical screen mesh heat pipe apparatus set up employed for
examining the heat transfer performance is shown in Fig. 1. Heat pipe works on the
phenomenon of phase change with capillary action. Initially, cylindrical copper tube
and zinc wire screen mesh wick are cut into the desired size. Proper cleaning assembly
procedures eliminate the formation of gas inside the heat pipe during construction.
The cylindrical heat pipe is fabricated with copper material. It contains evaporator (300
mm), adiabatic (400 mm), and condenser (300 mm) sectors. The inner diameter has
10.9 mm diameter and outer has 12.7 mm diameter, and length is about 1000 mm. Its
interior is surrounded with a metal (zinc) wire mesh. One end of heat pipe is blocked
up with the metal lid and the other end is left open for charging nanofluids. The three
K-type thermocouples (+ 2% accuracy) are inserted on the surfaces of the heat pipe
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Fig. 1 Schematic of experimental heat pipe system
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through small holes. There are three temperature indicators joined with three thermo-
couples. The input heating system consists of a Nichrome (Ni-Cr) heating coil associ-
ated with 230 V, 50 Hz AC power input, an autotransformer (0-230 V), an ammeter
(0-1 A), and a voltmeter (0—150 V) for heating the evaporator section. This input heat-
ing system is attached with the heat pipe. Atmospheric air cools the condenser section.
Glass wool of 20 mm thickness is used for minimizing the heat loss carefully which is
wounded around the evaporator and adiabatic regions. The power applied to the heat
pipe is estimated with the voltage and current provided with + 0.5% accuracy.

Al,03-SiO, hybrid nanofluids of six various volume concentrations (0%, 0.0125%,
0.025%, 0.05%, 0.075, and 0.1%) were used for experimental investigation. Initially, the
experiment was performed with 0% volume concentration (base fluid alone), subse-
quently with Al,Os, SiO,, and Al,O3-SiO, nanofluids volume concentrations. The
orientation of heat pipe was maintained at three angles 30, 45, and 60°. The
temperature in evaporator and condenser sections was measured for 30, 60, and 90 W
input heat powers. Five set of values was recorded for each particles volume concentra-
tions for the accuracy of the values. The values were noted every time after the system
attained the stable position. As of the experimental outcomes, thermal resistance (R)
and heat transfer coefficient (/) of cylindrical pipe were calculated.

Data reduction and uncertainty examination
From the experimentation data, thermal values R and / values are estimated through
the following equations.

The thermal resistance is calculated by the eq. (2)

R=[T.-Tc]/Q (2)
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The heat transfer coefficient (%) was calculated using eq. (3) from the literature [21,
39, 42] as follows.

Q

b= ATy )

where evaporator temperature is denoted as T, and condenser temperature is repre-
sented as T, at the stable position, Q denotes heat Power (Q = IxV), and A indicates
the interior heat pipe area which is equal to nd/ (d specifies heat pipe interior diameter
(m) and [ represents length (m)).

The uncertainties in heat pipe experimental data were evaluated by the standard
method [42]. The uncertainty of any variable such as R,, the uncertainty interval for in-
dependent experimental measured variables (x;) can be calculated using the following
eq. (4)

x; OR
;= R_l axv Xi (4)

Up

where Up; is the uncertainty in the result (i.e., the approximate possible error intro-
duced in calculating one parameter) and R, is a parameter calculated using computable
quantities; U,; is measurement error for the experimental measured variable and deter-
mined by dividing the measurement precision into the minimum measured value. The

uncertainties of various measurements are calculated below

0.01
The uncertainty invVoltage (U,) = :|:49—5 =4253x 10"~ +£0.8%

0.01
The uncertainty in current (U,) = iﬁ =40.02 » +2%

0.02
The uncertainty in area (U4) = ii =+483x10*~ +0.8%

The maximum uncertainty in R can be calculated for all values of x; (i = 1,2, 3. .. n)
by the eq. (5)

[ (x10R, %7 OR, %, OR,
Up, = [(R o ux1> + <Rv o ux2> N (RV o u)] (5)

The maximum uncertainties in power (Q), R, and 4 data were computed as through
the relations (6), (7), and (8). The values of uncertainties in Q, R, and / are found to be
+2.76%, +2.76%, and + 2.91% respectively that are optimum only.

% _ \/<A‘y>2 + <A‘y>2 = +2.76% (6)
% = \/ (A—g>2 + (A(%];Zc)f = 42.76% (7)

Ar[(AQ\? (DALY (A(AT)\ g
h _\/<Q> +<Ae/c) +< ATe/c ) - 2o ()
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Response surface methodology

One of the designs of experiment (DOE) methods used in engineering applications is
response surface methodology (RSM). It is the technique used to identify the influences
of the input parameters on considered responses in association with statistical and
mathematical techniques [35]. The input parameters and execution scale are commonly
referred to as independent variables and response respectively [29]. The attention of
present work is of a regression model development of approximation using empirical
data on thermal resistance and heat transfer coefficient to forecast response variables
using RSM. The ability and dependability of the developed regression model have been
examined through the analysis of variance (ANOVA) statistical technique. Sum of
squares deals with the source of variance. The degrees of freedom represent total levels
considered for experiment minus one. The ratio between sum of square values of every
element and its respective degrees of freedom is considered as mean square. The ratio
between the mean square of each factor and mean square of residual is called F ratio.
ANOVA method was used to analyze the components such as coefficient of variation
(R-square), Fisher’s test (F test), and probabilities value (P value) which is essential vari-
ables for the prediction of appropriation of the models developed using regression

analysis.

Results and discussion

In the first section, the structural and surface characterization (powder XRD, SEM, with
EDS) of the prepared nanoparticles is presented. In the second section, the heat transfer
performance of the hybrid nanofluids are explained with a comparison between hybrid
and single Al,O3; and SiO, nanofluids. The third section analyzes the RSM approach
with statistical techniques and validation.

Al,05 and SiO, nanoparticles characterization studies

Powder X-ray diffraction method analysis

Figure 2a and b illustrates XRD pattern of aluminium oxide and silicon dioxide nano-
particles made through sol-gel manner. The phase and crystal arrangements of the
Al,O3 as well as SiO, nanoparticles have been determined using X-ray diffractometer
(X'pert-Pro). The 20 testing has been directed from 10 to 80° at 0.05° range. Strong
peaks spotted in Fig. 2a related to scattering angles 36.64°, 45.69°, 60.24°, and 66.07° de-
noting hkl on Miller indices (010), (121), (123), and (118) respectively. The miller indi-
ces planes corresponding to Bragg’s peaks exhibit the orthorhombic structure of Al,O3
nanoparticles well matched with the JCPDS card no: 46-1215. Similarly, the diffraction
peaks (Fig. 2b) intensify 22.22°, 44.6°, 65.42°, and 77.55° scattering angled that are asso-
ciated with (101), (202), (204), and (401) miller indices planes respectively having the
tetragonal structure of SiO, solid particles. The peak at 20 = 22° indicates that SiO,
particles were formed by small nanocrystals and the slight broadening of the peak is
due to the effect of smaller grain size. The XRD pattern of SiO, particles is in good
agreement with JCPDS card no: 76-0939. Examination of previous results denoted that
the SiO, particles are amorphous in nature and size of the particle was above 50 nm
[13, 15]. The increase in the crystalline nature of SiO, particles and smaller sized
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Fig. 2 Powder XRD structure of a Al,O3 and b SiO, samples

nanoparticles were due to the addition of polymer surfactant PEG. The mean crystal-

lites size (D) is assessed by means of Debye—Scherrer Eq. (9)

D=K\/B cosb (9)

where K indicates constant shape factor (1.9), A denotes incident X-ray’s wavelength
(1.5405 A), and B specifies full width at half maximum as well as 6 stands for scattering
angle. As of obtained XRD values, the mean crystallite size of Al,O3 and SiO, particles
were found about 6 nm and 25 nm respectively. Smaller size nanoparticles exhibit a

better performance in thermal conductivity and heat transfer properties [30].

Scanning electron microscope analysis

Scanning electron microscope analysis of nanoparticles is used for the representation of
the surface structure of the samples through high-resolution images. JEOL, JSM 6390
device recorded the scanning electron microscope (SEM) pictures of Al,O3; and SiO,
nanoparticles. It is revealed from the SEM results of Al,O3; nanoparticles with the
histogram in Fig. 3 that the Al,O3; nanoparticles are mostly in a spherical shape with
slight clusters of the particles. These results are in best agreement with those reported
works [10, 25]. Besides, the size distribution of Al,O3 nanoparticles has been displayed
through a histogram graph. It could be observed that the nanoparticles are distributed
in the diameter range of 25-125 nm and most of the nanoparticles fall around 60 nm

diameter. The Gaussian fit over the distribution denotes nano Al,O3 particles mean
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Fig. 3 SEM with histogram pattern of Al,O5 nanoparticles
.

size is 62.338 nm. Reduced dimension of the as-synthesized aluminium oxide nanopar-
ticles is due to the addition of the polymer surfactant polyethylene glycol.

The SEM images of SiO, nanoparticles with histogram in Fig. 4 indicate that the
spherical-shaped SiO, nanoparticles have a small aggregation with the neighboring
nanoparticles. The aggregation of the SiO, nanoparticles is obtained due to the exist-
ence of a weak covalent bond between the atoms. From the histogram chart, it is con-
firmed that the SiO, nanoparticles having the size around 61 nm since most of the
particles lie with this diameter range. The size distribution of SiO, particles is ranging
from 40 to 100 nm. The obtained morphology of SiO, nanoparticles shows better re-
sults than the previous reports [13, 15] due to the addition of surfactant PEG. Control-
ling in size of both nanoparticles was accomplished as a consequence of balanced
nucleation growth of nanoparticles. In addition, the size and morphology could be pre-
ciously tuned in nanometric scale by controlling the saturation rate during the second
stage with optimum concentration.

Heat transfer performance analysis of heat pipe

Thermal ability in heat pipe is not only influenced by working fluid concentration but
also heat pipe orientation, heat input power, and gravity effect. Therefore, it is neces-
sary to analyze the thermal performance based on the above mentioned factors.

| [ Diameter (om)
Gaussian Fit

60 70 80
Diameter (nm)

Fig. 4 SEM with histogram pattern of SiO, nanoparticles
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Effect of heat pipe orientation upon thermal resistivity

Thermal resistance determined from Al,O3—-SiO, nanofluids in cylindrical heat pipe ex-
perimentation for at various inclined angles (30, 45, and 60°) are drawn in Fig. 5a—c.
The thermal resistivity decreases from 30° to 45° orientation of heat pipe and also in-
creased after 45° to 60° angle for all the heat input powers in the range 30, 60, and 90
W. This is due to the high influence of gravitational force action between the conden-
ser and evaporator regions. Usually, the vapor movement within the heat pipe is owing
to the change in density of fluids. The mutual action of gravity and the force in the
wick structure initiates the returning of condensed vapor back to the evaporator area.
Beyond the inclined angle 45°, the heat provided at the evaporator region is insufficient.
Hence, heat transfer action is decreased radially and also leads to increased thermal re-
sistance. Also, below the inclination angle 30°, the heat transfer characteristics seem to
be decreased. The researchers have also reported that this range of inclination angle of
heat pipe yielded the better heat transfer performance than horizontal (0°) and vertical
positions (90°) [13, 27]. Hence, the orientation of heat pipe was maintained in the angle
ranging from 30° to 60° angle.

Effect of power and volume concentrations on thermal resistivity

Figure 6 was drawn between the volume concentration of nanofluids and thermal re-
sistance for three different power inputs (30, 60, and 90 W). According to the graph, it
is clear that nanoparticles addition with base solution diminishes the values of thermal
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resistance dramatically. As of increase in surface wettability, resistivity of hybrid nano-
fluids seems to be decreased. This is caused by Al,O3-SiO, nanoparticles settlement of
above wick structures while heating takes place in evaporation zone. Moreover, thermal
resistance shows a decreasing phenomenon with increasing heat power inputs. At high
heat input, the formation of a fluid layer upon wick structure due to the base fluid is elim-
inated [13]. The maximum value of thermal resistance 3.5 K/W is noticed at 90 W heat
input for 0.1% volume concentration of hybrid Al,O3—SiO, nanofluid. This seems to be
5.54% higher than W/EG fluid. This decrement in thermal resistance at a higher concen-
tration of nanofluids exhibits the improved efficiency of nanofluids in the heat pipe.

Comparison on thermal resistance of single and hybrid nanofluids

Figure 7 displays thermal resistance decrement comparison between single component
(Al;O3 and SiO,) and hybrid nanofluids (Al,O3-SiO,) for three heat power inputs at
maximum concentration 0.1%. The comparative analysis of the single and hybrid nano-
fluids maintained at the optimum orientation of heat pipe at 45°. The decrement per-
centage can be assessed through the ratio of thermal resistance variation between
nanofluids and base fluid. High percentage in decrement indicates the lower value of
thermal resistance and vice versa. In the figure, it is confirmed the thermal resistance
decrement percentage for Al,O3—SiO, hybrid nanofluids is maximum, denoting the
lower value of thermal resistance than the Al,O3 and SiO, single nanofluids. It shows
maximum 5.54% reduction at 90 W for 0.1% volume concentration than the base fluid
while single nanofluids exhibited lower percentage decrement in all power inputs.

Heat transfer coefficient

Figure 8 was plotted between volume concentrations and heat transfer coefficient
values with 45° inclination angle. The incorporation of 0.1% nanoparticles in 90 W
power indicates the maximum heat transfer coefficient is 62.01 W/m’K, which is
43.16% more than W/EG fluid mixture. Higher heat transfer values in this hybrid fluid
are achieved by low thermal resistance over liquid layer. The minimum and maximum
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Fig. 7 Comparison on thermal resistance of single and hybrid nanofluids for 0.1% volume concentration at
45° orientation of heat pipe

heat transfer coefficient value of 14.88 W/m? K and 62.01 W/m? K was observed at low
and higher volume concentrations (0.0125% and 0.1%) with low and high powers of 30
and 90 W respectively.

Heat transfer coefficient increases by 43.16% at 0.1% fraction on hybrid Al,O3-SiO,
fluids with respect to base solution at 90 W. When temperature increases, thermal con-
ductivity values in nanofluids tremendously increases and viscosity decreases according
to base fluid particularly at higher particle concentrations. The augmented heat transfer
coefficient value with hybrid Al,O3-SiO, nanofluids is superior to other nanofluids [13,
14, 43—-45]. The comparison of heat transfer performance for various hybrid nanofluids
with this hybrid Al,O3—SiO, nanofluids represented in Table 1 confirms the proficiency
of hybrid Al,03-SiO, nanofluids in cylindrical mesh heat pipe than other conventional
fluids especially W/EG solution.

Figure 9 presents heat transfer coefficient increment comparison between single com-
ponent (Al,O3 and SiO,) and hybrid nanofluids (Al,O3-SiO,) for at three heat power

-
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Fig. 8 Heat transfer coefficient of Al,O3-SiO, nanofluids as a function of heat input and
volume concentrations
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Table 1 Comparison in heat transfer performance of screen mesh type wick structure cylindrical
heat pipe using nanofluids with present work

Nanofluid  Volume Operating Outcome Literature
concentration parameters

CuO/DI 0.5, 1.0, 1.5% Orientation (°):  Evaporation and condensation Heat Venkatachalapathy
water 0-90 transfer coefficient were improved by etal. [13]

Heat Load (W):  30.50% and 23.54%

40-120 Respectively
Graphene 0.01% Heat load (W):  Heat transfer coefficient was improved Kim and Bang [14]
oxide (GO)/ 25-450 by 25.5%
water

CuO/water 05, 1.0, 2.0% Orientation (°):  Evaporator and condenser Heat transfer ~ Wang et al. [43]
30, 45,60, and  coefficient were improved by 22% and

90 5%
Heat load (W):
0-180
Cu/DI water Heat Load (W):  Heat transfer coefficient was enhanced Solomon et al. [44]
100, 150, and by 40%
200
CuO, Al,O3/ 05,10, 1.5% Orientation Heat transfer coefficient was increased Vijaykumar et al.
DI water (Deg): 0, 3045, by 32.99% and 24.59% for CuO and [45]
60, 75, 90 Al,Os3 respectively
Heat load (W):
10-160
Al,05-Si0,/ 00125,0025  Orientation (°):  Heat transfer coefficient was increased Present study
W-EG 0.05, 0.075, 30,45, and 60 by 43.16%
0.01% Heat Load (W):
30, 60, and 90

inputs at maximum concentration 0.1%. The comparative analysis displayed the results
of the single and hybrid nanofluids at the optimum orientation of heat pipe maintained
at 45°. The increment percentage can be calculated by the ratio of difference in heat
transfer coefficient between nanofluids and base fluid. High percentage in increment
indicates the higher heat transfer ability. From graph, it is established that heat transfer
coefficient increment percentage for Al,O3—SiO, hybrid nanofluids is maximum, de-
noting the augmented heat transfer performance than the Al,O3 and SiO, single nano-
fluids. It shows maximum 43.16% augmentation at 90 W for 0.1% volume
concentration than the base fluid whereas single nanofluids exhibited lower increment
percentage for all heat power inputs.

RSM approach with statistical technique

The empirical data collected from experimental setup are given as input to the re-
sponse surface methodology. Design-Expert software is adopted to analyze the experi-
mental data. The user-defined data format is used for statistical analysis.

ANOVA is a standard statistical tool employed to estimate the variance size between
experimental data set. Table 2 represents the model summary of thermal resistance and
heat transfer coefficient with RSM statistical analysis. This Table 2 values depict that
the quadratic formula is best to predict the thermal resistance and heat transfer coeffi-
cient value. The achievement of good matching between the predicted and developed
models with the correlation is possible only if the value of R-squared is near to 1 [40].
The four different models named linear, 2factorial interaction (2FI), quadratic, and
cubic were developed based on regression analysis. It is suggested the quadratic model
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Fig. 9 Comparison on heat transfer coefficient of single and hybrid nanofluids for 0.1% volume
concentration at 45° orientation of heat pipe

provides the best correlation with the experimental data since R* is near to lin both
thermal resistance and heat transfer coefficient results. Also, the “Predicted R*” of
0.9988 and 0.9556 are near to the “Adjusted R*” values of 0.9994 and 0.9761 for ther-
mal resistance as well as heat transfer coefficient respectively. This shows the accuracy
of both the developed models in this work. The signal to noise ratio is measured by
“Adequate Precision” value. The adequate precision value larger than 4 is desirable for
navigating the design space [46]. The adequate precision values of 167.941 and 32.201
for thermal resistance and heat transfer coefficient indicate that the models can be used
for navigating the design space. Both the thermal resistance and heat transfer coeffi-
cient response values obtained in this work is very adjacent to each other denoting the
accuracy of thr developed RSM models to predict the thermal resistance and heat
transfer coefficient data with the cylindrical mesh type heat pipe. Generally, RSM pro-
poses a proficiency to be used in the thermal engineering field exclusively in nanofluids
that are engaged for heat and mass transfer applications in solar collectors, heat ex-
changers [37-40].

Table 2 Model summary of responses

Model sD R Adjusted R Predicted R Adequate
squared  squared squared precision

Thermal resistance

Linear 090 09252 09152 0.8970 19.963

2FI 093 09254 0.9094 0.8806 16.683

Quadratic 0077 0.9996 0.9994 0.9988 167.941 Suggested
Cubic 0.058 0.9998 0.9996 0.9990 181.363 Aliased
Heat transfer coefficient

Linear 345 09618 0.9567 0.9406 33402

2FI 327 09679 0.9610 0.9393 30.856

Quadratic 256 09831 09761 0.9556 32.201 Suggested

Cubic 1.97 09925 0.9859 0.9570 33.864 Aliased
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The significant model terms are recognized by using the ANOVA table. Table 3
shows the ANOVA test results of thermal resistance and heat transfer coefficient re-
sponse surface quadratic model for hybrid Al,O3—SiO, nanofluids. From Table 3, the F
value of the model for thermal resistance and heat transfer coefficient is found to be
5572.90 and 139.72 which implies that both the regression models are significant. The
probability values (Prob values) are used to examine the importance of each term. The
model terms are said to important if the “Prob > F” lies below 0.05 and “Prob > F” lies
above 0.1000 implies the unimportance of model terms. In this connection, the two
models developed in this works showed the statistic significance of volume concentra-

tion and heat power both model terms.

Response surface plot analysis

Figures 10 and 11 show the interaction plots for thermal resistance and heat
transfer coefficient. The thermal resistance interaction plot and response plot in
Fig. 10a, b represents that the high level of volume concentration with high heat
input power gives the minimum thermal resistance. Heat transfer coefficient
interaction plot and response plot in Fig. 11a, b illustrate that a high level of vol-
ume concentration with a high level of power produces maximum heat transfer
coefficient.

Table 3 Analysis of variance of all responses

Source Sum of Degrees of Mean F value P-value Prob
squares freedom square >F

Thermal resistance ANOVA table

Model 163.53 5 3271 557290 < 0.0001 Significant
A-Volume 0.15 1 0.15 25.04 0.0003
Concentration

B-Power 145.88 I 145.88 24856.99 < 0.0001

AB 0.028 1 0.028 4.74 0.0502

A? 0.058 1 0.058 9.90 0.0084

B? 12.08 1 12.08 2058.05 < 0.0001
Residual 0.070 12 5.869E-003
Cor total 163.60 17
Heat transfer coefficient ANOVA table

Model 4592.78 5 918.56 139.72 < 0.0001 significant
A-Volume 181.81 1 181.81 27.65 0.0002
Concentration

B-Power 4296.22 I 4296.22 65349  <0.0001

AB 28.66 1 28.66 4.36 0.0588

A? 59.07 1 59.07 8.98 00111

B’ 11.96 1 11.96 1.82 02023
Residual 78.89 12 6.57

Cor total 467167 17
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Fig. 10 a Interaction effect of thermal resistance of hybrid nanofluid. b Response surface plot

Regression analysis

The relationship between input factors and response needs a declaration of the statis-
tical model. Concerning Figs. 10a and 11a, the interaction plots of thermal resistance
and heat transfer coefficient does not follow the straight line. Hence, these models in-
corporated the polynomial regression models. Equations 10 and 11 represent the quad-
ratic formulae for thermal resistance (R) and heat transfer coefficient (/).

R = 19.72167-11.24794%¢$—-0.35201+P + 0.04563 + pP

+59.40435% ¢ + 1.93076E-003*P? (10)
h = 2.86346 + 191.95901%¢ + 0.3368+P + 1.46458xHP (1)
-1894.44815%¢p* + 1.92138E-003+P>

Validation of RSM models

Figure 12a, b shows the validation of RSM models with experimental results for thermal
resistance and heat transfer coefficient. The average deviation between experimental re-
sults and RSM models are — 2.36% and — 12.74% for thermal resistance and heat transfer
coefficient respectively. The maximum deviations are observed as —5.15% and - 33.46%
for 0.1% volume concentration at 60 W heat input power. Table 4 displays the percentage
of deviation between the experimental and RSM model results. The difference between
the predicted values and experimental value has a minor deviation that implies the high
accuracy in the modeling approach. Thus, egs. 8 and 9 can be used to predict the thermal
resistance and heat transfer coefficient values of heat pipe with Al,O3—-SiO, hybrid nano-

fluids within the range of input parameters considered in this experiment.
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g. 11 a Interaction effect of heat transfer coefficient for hybrid nanofluid. b Response surface plot
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Conclusions

This work deals with the enhancement of heat transfer characteristics of cylindrical
screen mesh heat pipe using hybrid Al,O3 and SiO, nanoparticles with W/EG binary
mixture. The experimental results showed that the heat transfer capacity increases with
volume concentrations of hybrid nanofluids and heat input power. The following main
conclusions were obtained from the present study:

Table 4 Comparison between experimental and RSM model results

Volume Power Experimental results RSM model results % of Deviation
concentration (W) using heat pipe
(%) Thermal Heat Thermal Heat Thermal Heat
resistance transfer resistance transfer resistance transfer
(K/W) coefficient (K/W) coefficient (K/W) coefficient
(W/m® K) (W/m? K) (W/m? K)
0 30 11.06 14.88 10.90 14.70 148 -1.26
60 5.57 2855 5.55 29.99 0.39 4.79
90 371 4332 368 4874 0.75 11.12
0.0125 30 10.64 18.93 10.78 17.35 -133 -9.12
60 538 3527 5.55 29.99 -323 -1762
90 3.55 56.79 368 4874 -372 —16.53
0.025 30 10.64 19.01 10.69 1941 -049 2.04
60 537 3563 555 29.99 -339 —1882
90 353 58.96 368 4874 -4.28 —2097
0.05 30 10.56 19.97 10.55 21.76 0.09 822
60 530 38.78 555 29.99 —4.69 —2933
90 353 59.36 368 4874 —4.38 -21.79
0.075 30 1051 20.67 1049 21.73 0.20 4.88
60 529 39.31 555 29.99 —4.88 —-31.07
90 351 61.15 3.68 4874 —481 —2547
0.1 30 10.50 20.82 10.51 19.34 -0.02 — 764
60 528 40.02 5.55 29.99 -515 —3346
90 350 62.02 368 4874 -501 —2725

Mean: -2.36% -12.74%

Page 17 of 20
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e Al,O3 and SiO, nanoparticles were synthesized using the sol-gel method. XRD ana-
lysis revealed the orthorhombic and tetragonal structures of nanoparticles with the
average crystallite sizes of 6 and 25 nm respectively. From SEM analysis, the ob-
served structures for both Al,O3; and SiO, nanoparticles were spherical and the par-
ticles size falls around 62 nm and 61 nm respectively.

e The thermal resistance of the heat pipe with Al,O3—SiO, hybrid nanofluids is
reduced by 5.54% and heat transfer coefficient is enhanced by 43.16% than base
fluid W/EG base fluid mixture at higher volume concentration (0.1%) and high
power (90W).

e The superior enhancement in heat transfer characteristics of heat pipe suggested
this novel hybrid Al,O3-SiO, nanofluid could be a substitute for heat transfer
applications in various devices.

e The parameter influence and empirical models were established based on statistical
techniques response surface methodology and regression analyses. Based on the
ANOVA table, the influencing independent parameters on thermal resistance and
heat transfer coefficient are volume concentration as well as power, which are
considered as the significant input parameters. Both the thermal resistance and heat
transfer coefficient response values obtained are very near to each other denoting
the accuracy of the developed RSM models.

e Validation of results implied that the developed quadratic models are able to
predict well the thermal resistance and heat transfer coefficient of cylindrical heat
pipe with average percentage of deviation (- 2.36% and — 12.74%) less than 1%
against the experimental results for the heat power range 30-90 W at the inclined
angle 45° in the volume concentration ranging from 0.0125 to 0.1%. Hence, it is
emphasized that these proposed mathematical models can be utilized for prediction
of heat transfer coefficient and thermal resistivity of Al,O3—SiO, hybrid nanofluids
with cylindrical screen mesh heat pipe.
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