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Abstract

This study aims to investigate the effect of heat load, tilt angle, and volume concentration of alumina nanofluid on the
thermal performance enhancement of cylindrical screen mesh wick heat pipe in terms of thermal resistance(R) and ther-
mal conductivity(k). Response surface methodology based on the Box—Behnken design was implemented to investigate
the influence of heat input (100-200 W), tilt angle (0-90°), and volume concentration (0.05-0.25 vol%) of nanofluid as
the independent variables. Second-order polynomial equations were established to predict the responses, ‘R’, and ‘k’. The
significance of the models was tested by means of analysis of variance (ANOVA). In addition, a correlation between the
independent variables was derived in this study. The results revealed that the optimum heat input, inclination angle, and
concentration of nanofluid were determined as 200 W, 52.72°, and 0.1773 vol. % respectively for both ‘R’ and ‘k’. SEM
analysis was performed to observe the thermal performance phenomena of the heat pipe before and after experimenta-

tion.
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1 Introduction

In electronic devices and electronic circuits, more failures
take place due to the high operating temperatures. Due
to this, thermal management had become one of the fore-
most issues and the heat dissipation efficiency is very poor
in existing conventional cooling methods which leads to a
rise in component temperature. Heat Pipes (HP) are exten-
sively utilized to extract the heat, generated within the
placed environment. Due to its compactness, these pipes
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can be used adequately in small/ confined spaces. The
numerical and experimental research on the improvement
of HP thermal performance by varying its factors such as
heat flux, fluid filling ratio, working fluid, operating pres-
sure, temperature, tilt angle, nanoparticles shape, and size
of nanoparticles has been conducted by several authors
[1-6].

Liu et al. [7] investigated the work of a miniature thermo-
siphon working with CNT/water nanofluid for a heat input
range of 20200 W. The result values recorded that a nano-
fluid of 0.8% could be the optimum volume fraction as
the thermal resistance of the HP has been decreased. San-
thisree et al. [8] worked experimentally on an eight-turn
closed loop pulsating heat pipe by utilizing different oper-
ating fluids like acetone, methanol, ethanol, and water. The
author considered the Taguchi technique to optimize the
independent factors (heat load, fill ratio, tilt angle, and work-
ing fluid) of a CLPHP. The author observed that heat flux
played an important role followed by tilt angle and filling
ratio to enhance the thermal characteristics in terms of the
thermal resistance (R). Gunnasegaran et al. [9] empirically
studied about thermal characteristics of a loop heat pipe by
passing Silica dioxide/water nanofluid with a 3.0% volume
fraction by considering the heat inputs from 20W-100W
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and also compared with pure water. It is noted that thermal
resistance is reduced to 28%—44% with nanofluid ranging
mentioned heat loads. Features like rapid arrival of steady
state and also lower evaporator wall temperature were also
recognized. Tharayil et al. [10] analyzed experimentally and
reported the heat transfer characteristics of miniature loop HP
using graphene-distilled water nano-fluid. The diameter of
the transport lines and evaporator were varied to prevent the
reverse flow and increased the flow rate of condensed liquid.
The results depicted that the graphene nano-particles with
the volume concentration of 0.003% 0.006%, and 0.009%
enhanced the thermal performance and also reduced the
evaporator surface interface temperatures. It was lessened
at about 10.3 °C for graphene nanofluid at 0.009% com-
pared with distilled water. Senthilraja et al. [11] endorsed
the method called a double step to prepare hybrid nanofluids
(CuO, Al,O3-water) and mono (CuO-water, Al,O3-water)
and experimentally computed the thermal conductivity (k)
of said nano-fluids with volume concentrations, 0.2%, 0.1%
and 0.05% at temperatures from 20° to 60°C. The experi-
mental results demonstrated that for 0.2% of particle volume
concentration, an ultimate enrichment in thermal conductiv-
ity of 9.8% is been ascertained. Ramachandran et al. [12]
conducted experiments with a 0.1% of volume fraction on
a cylindrical mesh wick (capillary driven) HP with a heat
load starting at 50 W and with an increment of 50 W up to
250 W at a horizontal position. The author utilized the hybrid
nanofluid (water- CuO & Al;O3). It is observed that by using
a hybrid nanofluid at 250 W the thermal resistance of 44.25%
had been scaled down. Jafari et al. [13] investigated practi-
cally and analytically the heat transfer performance of HPs
with a screen mesh. In order to decrease the thermal resis-
tance an optimization approach is considered. Investigations
were carried out on the orientation, evaporator, condenser
lengths, and effect of the cooling temperature. It was consti-
tuted that permeability and the thickness of the wick are the
active functions of the heat flux. Gupta et al. [14] carried out
investigations experimentally and numerically to enhance the
thermal performance of an HP using CeO>-H,O and water
as the base fluid. In this way analyze the thermal perfor-
mance of three different concentrations 0.5, 1.0, and 1.5 vol.
%, and varying heat input like 10, 15, and 20 kWm~2. The
experimental and numerical outcome of a nanofluid showed
that the thermal resistance and the temperatures of a heat
pipe surface are diminished as compared with the base fluid
(water). Itis concluded that compared with water, CeO, /H,O
nanofluid has good heat transfer characteristics. Naresh [15]
studied numerically a two-phase thermosyphon by consid-
ering water R134a as the operating fluid. To maximize the
performance of a heat pipe arranged fins inside of a condenser
with a length of 20 cm and varied fins from O to 8. For the
input factors optimization purposes, a combined ANN and
GA approach has been employed. Liu and Zhu [16] carried
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out experiments using CuO-H; O nanofluid and pure water on
a horizontal screen mesh wick heat pipe. The performance of
ananofluid is correlated with water and showed that contrac-
tion of 60% in the total thermal resistance of HP. Liu and Li
[17] researched the studies on nanofluid with different heat
pipes for the thermal performance enhancement in HPs with
nano-fluid, and identified the following reasons; Brownian
motion of nanoparticles, wettability, capillary action, num-
ber of active nucleation sites and increase heat pipe capillary
force due to nanoparticles coating on wick surface, decline
contact angle of solid-liquid, escalation in roughness, raise
in effective thermal conductivity(k) of the nano-fluid were
the dominant reasons attributed to the enrichment of heat
transfer. Kole and Dey [ 18] demonstrated that intensification
of 40% in thermal conductivity was evaluated using ZnO
nanoparticles when suspended at 0.03% of volume fraction
in EG base fluid. Asirvatham et al. [19] experimented with
the heat transfer performance of mesh wick heat pipe using
Ag-water nano-fluid with different volume fractions of 0.009,
0.006, and 0.003% at the heat load of 20-100 W. A Maxi-
mum of 76.2% cutback is found in thermal resistance and
a decrement in evaporator surface temperature at all heat
loads while using Nanofluid. Putra et al. [20] experimented
on LHP (loop heat pipe) made of the collar (biomaterial)
as wick using H,O-Al,O3 as nanofluid with volume con-
centrations of 5%, 3%, and 1%. The authors noted that R
(thermal resistance) and evaporator wall temperatures are
curtailed at the volume fractions mentioned above in compar-
ison to DI water. Kumaresan et al. [21] evaluated the thermal
resistance using CuO/H;O and DI water as nanofluid with
sintered wick and screen mesh wick heat pipes with 1.5%
and 0.5% volume fractions by varying the heat load from
10 W to 160 W. It was noted that surface temperature and
thermal resistance were minimized by 27.08% and 49.64%
respectively by using the sintered heat pipe and concluded as
superior in thermal performance. Wan et al. [22] constructed
an mLHP (miniature loop heat pipe) and compared the heat
transfer characteristics using copper—water nano-fluid and
DI water. A mass fraction of 1.0%—-2.0% of Nanofluid was
processed using SDBS (sodium dodecyl benzene sulfonate)
surfactant in meager quantity with Cu nano-particles of size
50 nm. An ideal fraction of 1.5 wt% produced better ther-
mal performance. Kim et al. [23] researched different shapes
of alumina nanoparticles (Sphere, brick, and cylinder) that
are suspended in acetone as the working fluid by a two-
step method. As compared to base fluid sphere nanoparticles
improve the thermal resistance by about 33%. Whereas cylin-
der and brick shape nanoparticles enhanced by 16% and 29%
respectively. Mahdavi et al. [24] performed experimentation
to evaluate the heat transfer performance of cylindrical HP
with a mesh wick of copper material by considering two sit-
uations first as evaporator above condenser (gravity-opposed
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orientations) and second as condenser located above evapo-
rator (gravity-assisted orientations) by employing heat flux,
tilt angle, and fluid fill volume. Experimentation was carried
out in two scenarios the first is keeping an inclination angle
which exhibited that the performance of HP was negligible.
The second showcased that when increased in inclination
angle the R was increased due to the difference in tem-
perature between condenser and evaporator. Solomon et al.
[25] researched the performance of heat pipe with cylindri-
cal screen mesh (100 mesh-inch~!) wick without and with
deposition of copper nano-particles by varying three differ-
ent heat inputs (250 W, 200 W, 150 W). The surface of the
mesh is coated with nanoparticles with an average size of
80-90 nm. Results revealed lower thermal resistance and
increased heat transfer coefficient at the evaporator section
using coated mesh. Moraveji et al. [26] experimented with
cylindrical sintered heat pipe considering a diameter of 8 mm,
length of 190 mm, and wick thickness of 1 mm. The tested
tube consisted of 90° curves in between the evaporator and
condenser section with weight fractions of 0, 1, and 3 wt.%.
Results found that the thermal resistance and wall temper-
ature difference were decreased and efficiency increased
at 3 wt.% nanofluids (Al,O3) when compared with water.
Reddy et al. [27] studied the input parameters of a wick HP
as heat flux, nanofluid concentration, and tilt angle. Adopting
RSM methodology optimized the input variables. Sarafraz
et al. [28] researched to quantify the thermal resistance and
heat transfer coefficient by constructing a thermosyphon heat
pipe of copper to perform to a maximum of 200 kwm™2 of
heat flux by preparing the nanofluid with acetone and zir-
conia. It has evident that the thermal resistance of the HP
declined to minimal when more heat load is applied at the
evaporator and the heat transfer coefficient of the evapora-
tor is also elevated. Khajehpour et al. [29] researched using
nanofluids (SiO,/H,0) to calculate the thermal performance
in terms of R (thermal resistance) on L-shaped heat pipe
at a heat load of 15 W, 10 W, and 5 W. It was noted that
decrement in R by an increase in nano-fluid concentration
and also with the angle of reduction. When correlated with
water, a reduction in R of 24% was noted at a heat input of
10 W, nanoparticles dimension of 11-14 nm, a concentration
of 0.5 wt.%, and inclination of 90°. It had been concluded
that there is an escalation in thermal resistance due to an
increase in the size of nanoparticles. Khajehpour et al. [30]
determine the enact of working parameters of load on the
engine, engine speed, and blended levels of ethanol in diesel
fuel (biodiesel) on the engine emission characteristics (NOX,
CO, and CO») of DI diesel engine. The DOE tool is used
to evaluate the experimentation on RSM-based Central com-
posite rotatable (CCD) design. Reddy et al. [31] reviewed
that in order to transfer extensive heat, a heat pipe would be
one of the better heat transfer devices due to its uncompli-
cated structure and processing good reliability. Working fluid

has a predominant role depending on its conductivity due to
the nature of its conductivity. In order to decrement the resis-
tance, and improve the thermal efficiency and heat transfer
coefficient, oscillating heat pipes and heat pipes will play a
major role. It is being targeted at replacing the nano-fluids
over the traditional fluids which are to be used in the heat
pipes. Gunnasegaran et al. [32] presented the results of con-
ducted experiments using PC-PCU cooling on loop heat pipe
(LHP). Pure water with three different concentrations (0.5,
1.0, 3.0 wt. %) of silica nanoparticles (SiO;) is considered
nanofluid. Response Surface Methodology has been opted
for optimization of the input parameters (mass concentration
and heat input) and output parameters (thermal resistance)
of an HP. They analyzed that TR has been decreased up to
0.5% and increased thereafter and found the optimized values
are with a heat load of 59.97 W and 0.48 vol. % concentra-
tion.

Vidhya et al. [33] studied, hybrid Al,O3 and SiO,
nanoparticles with a W/EG binary mixture are used to
improve the heat transmission properties of cylindrical screen
mesh heat pipes. The heat transfer capacity was shown to
improve with hybrid nanofluid volume concentration and
heat input power, according to the experimental results. Beig-
inaloo et al. [34] conducted experiments on a thermosyphon
heat pipe and optimized using CFD and DOE. The opti-
mal values for aspect ratio, heat load, and filling ratio were
obtained in this regard. The CFD simulation’s results and
the experimental data had a respectable level of agreement.
Adin et al. [35-39] conducted an experimental investiga-
tion into the effects of Total Accumulated Weld Volumes
(TAWYV) and various groove angles (45°, 60°, 75°, and 90°)
on the mechanical characteristics of AISI 1040 and AISI
8620 cylindrical steel joints. Scanning electron microscopy
(SEM) was also used to evaluate the sample fracture sur-
faces.

From the literature review, it can be implied that RSM can
be a better-designed tool for operational parameters for opti-
mization purposes of the HP independent variables. It also
depicted an escalation in the heat transfer performance of the
HP using different concentrations of water-based nanofluids.
The appropriate selection of basic fluids is mostly determined
by the technical area of concern. Oil-based nanofluids, for
example, are typically utilized in manufacturing processes
for lubricating or high-temperature applications, whereas
water and ethylene glycol-based nanofluids are regularly
used in regions where the fluid is used for cooling purposes in
various pipelines or channels. Despite the fact that ethylene
glycol’s thermal conductivity is lower than that of water. The
novelty of this study is, the water-based alumina liquids are
charged into cylindrical screen-mesh heat pipes at varying
volume concentrations: 0.05%, 0.15%, 0.25%, at moderate
heat inputs of 100, 150, and 200 W and tilt angles 0, 45 and
90°. The relationship between dependent and independent
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0.25 vol%

' 0.15 vol%

Fig. 1 Prepared Al,O3 —DI water nano-fluids

variables was examined using the response surface method-
ology and the ANOVA tool. For the assessment of thermal
resistance in addition to thermal conductivity, which is not
frequently noted in the literature, new regression correlations
were built using the experimental results.

2 Materials and methods
2.1 preparation of Al;03 nanofluid sample

The alumina (Al;O3) nanoparticles (99.8% pure,
3980 kg/m3, spherical, and < 50 nm) used in this study were
manufactured by PlasmaChem GmbH, Germany. A double-
step technique is utilized to prepare DI water-alumina
nano-fluid. Initially, nano-particles were dispersed in DI
water without any surfactant. After that, the mixture (water
and nanoparticles) is kept in an ultrasonicator [Hielscher,
UP400S,] at 50-60 kHz frequency for 60 min to ensure
that the solution is evenly distributed and good stability
is achieved. The current experimental work considers the
impact of nanoparticle volume fraction (¢) concentration
(0.05, 0.15, and 0.25 Vol. %) calculated using Eq. 1 [27],
and the prepared water/alumina nanofluids were shown in
Fig. 1. In this approach, it has been found that 1.98, 5.97, and
9.95 mg, respectively, of alumina nanopowder are needed to
prepare 0.05, 0.15, and 0.25 vol.% concentrations.

The zeta potential is the difference in potential between
the dispersion medium and stationary fluid layer that
is associated with the dispersed particle. Zeta potential
value indicates the strength of the attraction between
neighboring, comparable charged particles in a disper-
sion. High (negative or positive) zeta potential solutions
indicate strong attraction between the particles. There-
fore, the colloidal solution is electrically stabilized since
the particles do not aggregate. In general, the stability
of nanoparticles with zeta potential values larger than +
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25 mV or less than — 25 mV is very high. The Zeta poten-
tial test was performed by Zetasizer to ensure the stabil-
ity of the nanofluid and is shown in Fig. 2. The value for the sam-
ple given as + 31 mV (it is assumed that a value above =+
25 mV has good electro-static stability). This implies that the
prepared sample quality is good and stable [15].

Wy

on
P (1)

Pn Pb

% volume fraction (@) =

where wy, pp, Wy, and p, are the weight, the density of water,
weight and density of nanoparticles respectively.

2.2 Characterization of Al;03nanopatrticles

By X-ray diffraction method using Shimadzu LabX-6000,
the crystalline phase of alumina nanoparticles was deter-
mined. The XRD picture outlined in Fig. 3 and the crystalline
nature of the nanoparticle is also observed. Using the Scher-
rer formula below, the mean crystalline size of the alumina
nanoparticle was determined [6].

KA
D, =
B cos 20

@

In the above equation, A is the X-ray wavelength (1.54056
AY), D, represents the crystalline size in nm and K is the
shape (0.9-1.2) factor and the maximum intensity corre-
sponding to 26 was found to be 43.22 (Fig. 3). It was found
that the p from the XRD data process sheet was 0.27 and the
average size of aluminium oxide was found to be 28.46 nm
based on the calculation. By using SEM (scanning elec-
tron microscope) analysis further the alumina nanoparticles
dispersion was characterized. Figure 4 shows a 0.15 vol.
% concentration SEM image of alumina nanoparticles at
40,000X magnification. The size of alumina nano-particles
has been found to range from 23 to 34 nm in some locations
and to be less than 50 nm.

2.3 Heat pipe construction and experimental
procedure

Figure 5 depicts the schematic illustration of the HP exper-
imental setup. It comprises the temperature control unit,
auto transformer, data logger, digital multimeter, and a per-
sonal desktop. Heat pipes were prepared using traditionally
available copper tubes which consist of 3 different sections;
evaporator (10 cm), adiabatic (5 cm), and condenser (15 cm)
section. The dimensions of the heat pipe which were con-
sidered are total length, inner diameter, outer diameter and
thickness of the HPsare 30 cm, 1.15cm, 1.27 cm, and 0.06 cm
respectively. The wrapping was done for the inner surface of
the HP to fix it securely by using a mechanism that consists
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Fig.2 Zeta potential analysis of Zeta Potential Distribution
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Fig.3 XRD pattern of Al,O3 nano-particles
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Fig.4 SEM image of Al,O3 nano-particles

1. Thermostat Unit 2. Heat Pipe 3, 4. Auto Transformer 5. Data Logger
6. Personal Computer 7. Flow Meter 8. Water Storage Tank

Fig.5 Schematic diagram of HP test facility

of three layers of copper mesh wick with a wire diameter of
0.015 cm and mesh number 100 inch~! connected by a spring
and caps were used to close both ends of the copper tubes.
In order to remove the gasses which are present in the HP,
a vacuum pumping system (Model VS 65D, Hindhivac) at a
pressure of 1 x 10™* m bar was used to fill 30% of the total
volume of the heat pipe charged with working fluid based
on the earlier investigations [28]. A nichrome wire heater is
wounded on the outer surface of the evaporator by giving a
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230 V/50 Hz AC as a heat input. An autotransformer regu-
lated the power supply to the electric heater, and the power
input was measured with a digital multimeter. The evapo-
rator and adiabatic zones of the heat pipes were completely
insulated with glass wool to reduce heat loss.

An acrylic pipe with a diameter of 30 mm was utilized to
cover the condenser portion of the HP and water is used as a
coolant which extracts heat from the heat pipe. The HP test
set-up also consists of a flowmeter and a pump to circulate
cooling water through the condenser segment at a steady
flow rate of 15 1/h. In order to obtain the accuracy of results,
the constant temperature of the water bath has been used
to maintain the inlet temperature of the circulating water at
200 C for all test HPs of various heat inputs. A sum of five
thermocouples of T-type with an uncertainty of + 0.5° C was
fixed along the test area (one in adiabatic, two in evaporator,
and two in condenser zone) are illustrated in Fig. 6. The given
heat loads were 100 W, 150 W, 200 W and orientations for
all the heat pipes are 0%, 45° and 90°. Every experiment was
conducted until a constant surface temperature of the heat
pipe was shown by the thermocouples.

Figure 7 displays measuring the thickness of the screen
wire mesh which was inserted in the heat pipe. The wick
structure e(porosity) and K permeability were evaluated
using Eqns. 3 & 4 [19] and found to be 0.76 and 3.98 x
10719 m? respectively.

TSNd
4

e=1

3

d2 83
K= ——— @)
122 (1 —¢)?

2.4 Thermal analysis of an HP

The thermal resistance (R) of a heat pipe is directly pro-
portional to the difference in temperature of the evaporator
section and condenser section; and inversely proportional to
the heat load, also be expressed as [13]:

ro Te—Te 5)
- Q

Q=VI (6)

where T¢ (T¢ = (T¢1 + Te2)/2) and Te (Te = (Tey + Te2)/2)
are condensers and evaporator surface average temperatures,
respectively. The thermal conductivity (k) of a heat pipe is
determined by the following formulae [27]:

Les
AR

(N
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where R, A, and L¢r are thermal resistance, cross-section
area, and effective length of the heat pipe, respectively.

Lot = 0.5Le + Ly +0.5L 3

where L,, L., L. adiabatic, condenser, and evaporator sec-
tions length respectively.

2.5 Response surface methodology (RSM)

The cylindrical screen mesh wick heat pipe input parameters
were optimized by RSM using Minitab 17. The 3-level and
3-factor Box Behnken Design (BBD) has been employed in
this work with 15 experiments. Three identified input vari-
ables are A: heat load (100200 W); B: tilt angle (0—900);
C: concentration of nanofluid (0.05-0.25 vol.%). The levels
of each input variable have been chosen based on previous
studies. The variables are coded as low (— 1) or high (+
1). When examining the limitations of nanofluid, it was dis-
covered that as the concentration of the fluids increased, so
did their density, necessitating more pumping force to cir-
culate the nanofluid in the heat pipe. As density grows as
a result of an increase in nanofluid concentration, ineffec-
tive results are produced. In order to ensure that the task
can be done successfully and with good results, the levels
of nanofluids are maintained within the limitations. In many
scientific experiments using RSM, researchers choose three
evenly spaced levels. As a result, the Box Behnken design
offers a viable and valuable alternative to the central com-
posite design. As we can see from the sample sizes, there is
enough information to test for lack of fit. The Box Behnken
design does not vary significantly from rotatability. Another
distinguishing feature of the BBD is its spherical shape [40].
Table 1 shows the complete BBD design matrix in terms of
input factors. According to the viability and applicability in
the sectors, the lower and higher limits of the elements are
taken into consideration. The study included 15 experiments,
and the correlation between dependent and independent vari-
ables was established. The response from these independent
variables was taken as ‘R’ and ‘k’ of the heat pipe. The prac-
tical data obtained by the above procedure were analyzed
using regression Eq. (9).

n n n—1 n
Y =by+ Z brxy + Z bkkx]% + Z Z bimxrxm +e  (9)
k=1 k=1

k=1 m>k

where Y is the heat pipe response factor, by, b, bk, and by
are intercept term, linear, quadratic, and interaction coeffi-
cient. xx and x, are coded independent variables, k is the
number factors and e is the random number [3].
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Fig.6 Schematic of the test section

Fig.7 Images of the screen mesh and HP

3 Results and discussion

3.1 Box behnken design model and statistical
analysis

Experimental work was carried out using the BBD approach
to determine the best reaction conditions for minimizing
‘R’ and maximizing ‘k’ of a wick heat pipe and to study
the effect of input parameters on responses. Table 2 depicts

the responses obtained from various parameter combina-
tions. The following are the mathematical model equations
(Egs. 10 and 11) derived from the predicted values of the
output parameter (R and k) in terms of the coded variables:

R = 0.20943 — 0.000075A — 0.000733B
—0.4139C — 0.000000A * A + 0.000006B3

B +1.2021C* C +0.000001A x B

— 0.000070A x C +0.000074B * C (10)
k= 5807+ 8.31A +42.21B +24326C
— 0.00031A « A —0.35301B « B — 74682C = C
—0.02649A x* B +10.19A «C +1.80B x C 11

3.2 Analysis of variance (ANOVA)

Table 3 shows the results of ANOVA performed to determine
the significance by F-test and fitness of the quadratic model,
as well as the impact of significant individual terms and their

Table 1 HP input factors and

their levels Symbols Factors Units Level-1 Level 0 Level 1
A Heat input w 100 150 200
B Inclination Deg 0 45 90
C Concentration Vol. % 0.05 0.15 0.25
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Table 2 Arrangement of Box Behnken design and responses of a heat pipe

Expt. no Heat load (W) Tilt angle ©® Concentration (Vol.%) Thermal resistance CCW~1) Effective Thermal conductivity
(Wm~ ! K1)

1 200 90 0.15 0.1394 10,230.47

2 200 45 0.25 0.1383 10,311.84

3 150 45 0.15 0.1390 10,262.99

4 100 45 0.25 0.1517 9402.295

5 150 90 0.05 0.1631 8744.440

6 150 45 0.15 0.1390 10,262.99

7 100 45 0.05 0.1617 8820.797

8 100 90 0.15 0.1510 9445.884

9 200 0 0.15 0.1460 9768.034
10 100 0 0.15 0.1631 8745.077
11 150 0 0.05 0.1754 8129.697
12 150 45 0.15 0.1390 10,262.99

13 200 45 0.05 0.1497 9526.625
14 150 0 0.25 0.1613 8842.020
15 150 90 0.25 0.1503 9489.128

interaction on the selected responses ‘R’ and ‘k’. The F-test
has been used to manage the statistical significance of Egs. 10
and 11. Model terms are significant when the p (probability)
> Fis less than 0.05. If the value is more than 0.05, the model
terms are not significant. The lower the p-value, the greater
the significance of the corresponding coefficient [41—44].

Independent variables that had a significant influence on
heat pipe responses (R and k) were heat input (A), heat pipe
inclination (B), and nanofluid concentration (C), and interac-
tion terms were observed between the main factors (AB for R
and AB, AC for k), while significant quadratic terms were B>
and C2. The model’s F-value of 131.18 for ‘R’ and 561.61 for
‘k’ with a p-value of 0.000 indicates that the model is signif-
icant, at a 95% confidence level. The greater the significance
of the corresponding coefficient, the lower the p-value [2].

The RSM'’s feasibility is also ensured by observing the
statistical (s) value of both ‘R’ and ‘k’ of an HP which
were found to be 0.00125 and 37.016, respectively. Simi-
larly, the coefficient of determination (R?%) was found to be
99.58% and 99.90%, respectively. R? (adj) values for con-
sidered responses are 98.82% and 99.72%, respectively. The
R? value of both responses ‘R’ and ‘k’ was found to be sat-
isfactory, as it was greater than 95%.

3.3 Interaction effects of the input factors
on responses

The interaction effects of the three considered input parame-

ters of the HP on its heat transfer performance were studied
using contour or surface plots. The contour plots for both
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thermal resistance (R) and thermal conductivity (k) were
developed with three different considered input variables
using Minitab—17. The contour plot was generated to show
the effect of two different input factors on the response vari-
able withholding the third factor.

Figure 8 depicts the contour plot of ‘R’ with respect to
the input parameters (A, B, and C). The surface plot of ‘R’
with respect to heat input and concentration of nano-fluid
by holding the B value at 52° is shown in Fig. 8a. From the
image it was observed that the better ‘R’ can be obtained at
C limits of 0.12 Vol. % — 0.22 Vol. % and factor A limits
of 170-200 W. Figure 8b shows the contour plot of ‘R’ with
respect to nanofluid concentration and inclination by holding
the factor A at 200 W. From the picture, it was observed that
the better ‘R’ can be obtained at C limits of 0.12 Vol. % —
0.22 Vol. % and B limits of 25°-75°. Figure 8c shows the
contour plot of ‘R’ with respect to heat load and tilt angle by
holding C at 0.177 Vol.%. From the picture, it was observed
that the better ‘R’ can be obtained at A limits of 170-200 W
and B limits of 25°-75.

The contour plots of “k” with respect to the input vari-
ables are shown in Fig. 9. Figure 9a depicts the contour
plot of “k” with respect to heat input and concentration of
nanofluid when the B value is held constant at 52°. Accord-
ing to the image, the best “k” can be obtained at C limits of
0.12-0.22 Vol.% and A limits of 170-200 W. By keeping A at
200 W, the contour plot of “k” with respect to nanofluid con-
centration and tilt angle is shown in Fig. 9b. According to this,
the best “k” can be obtained at C limits of 0.12-0.22 Vol.%
and B limits of 25 — 75°. Figure 9c depicts the contour plot
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of “k” with respect to heat load and tilt angle when C is set
to 0.177 Vol.%. According to the picture, the best “k” can be
obtained at A limits of 170-200 W and B limits of 25-75°.

According to the contour plots, ‘R’ decreases as the heat
input increases, implying that it is high at lower heat flux
and low at higher heat flux. This is due to the fact that
the surface tension between solid-liquid interfaces is high
at low heat flux and decreases as heat input increases. The
film thickness of the liquid layer is also high at low heat
inputs. This results in high heat resistance, but as the heat
input increases, the film thickness decreases. Whereas for
inclination, the ‘R’ decreases up to a certain point and then
increases as the input factor levels increase. This is because
the large inclination angle allows the liquid to quickly return
from the condenser to the evaporation section, but the vapors
production in the evaporator is insufficient. Thermal resis-
tance is reduced with increasing nanofluid concentration up
to a certain limit, after which it increases due to the thermos-
physical properties of nanofluids namely viscosity, density,
and fluid flow resistance. Thermal conductivity is the inverse
of thermal resistance [15, 45].

3.4 Model accuracy check

An accuracy check is required to obtain an adequate model.
The accuracy of the model was tested by comparing experi-
mental and predicted thermal resistance and thermal conduc-
tivity response values. The regression coefficient (R%) was
used as a basis of comparison, with R? = 99.58, 99.90% for
‘R’ and ‘k’, indicating that the predicted values of responses
matched the experimental values well. The scattered plot of
“k” between experimental and predicted results is shown in
Fig. 10 and the points are almost in line with the regression
line, and concludes that the predictive capability is high [29].
The developed model can successfully predict responses for
various factors combined within the specified limits of the
input parameters. Similarly, Fig. 11 depicts the scattered plot
of “k” between predicted and experimental values and it con-
firms that the prediction capability is high since the points
are nearly in line with the regression line.

3.5 Mesh wick condition after utilizing alumina
nano-fluids

After performing the experiments, an SEM (JSM 6300 model
microscope, JEOL USA) photograph of the plain wick and
the one with alumina nanoparticles was acquired in order
to compare the porous coating layer formation, caused by
the addition of nanoparticles in the mesh wick surface of
the evaporator zone [6, 21]. The SEM photograph of the
mesh wick surface without consisting of nano-particles is
shown in Fig. 12a. The wall of the wick surface is found to
be smooth, as can be seen in the image. However, the SEM

view of the wick surface with 0.15 vol.% of Al,Oz-water
nano-fluids is shown in Fig. 12b. The porous coating layer
made of alumina nano-particles is evidently present on the
wick surface. This finding serves as proof that a thin porous
coating layer formed at the evaporation section’s screen mesh
wick. High heat transfer rates occur if the coating layer on
the mesh wick surface provides an extra evaporating surface.
This significantly lowers the heat pipe’s ‘R’ and improves
the capillary pumping capacity needed to draw liquid to the
evaporator region from the condenser section [27, 44]. As
a result, the heat pipe’s heat transfer rate is increased while
utilizing the alumina-water nanofluid.

3.6 Optimized responses of a screen mesh wick HP
and confirmation tests

The first response of a mesh wick heat pipe, thermal resis-
tance (R) has to be minimized and the second response
thermal conductivity (k) has to be maximized. RSM opti-
mizer has been employed in a Minitab 17 program, to find
the optimum HP input parameters for the best possible HP
responses as shown in Figs. 13 and 14.

Figure 13 depicts the thermal resistance optimum input
variables plot. A heat input of 200 W, an inclination angle of
52.72°, and a concentration of 0.1773 Vol.% are the optimum
limits of the three input parameters. At these parameter set-
tings, the thermal resistance was predicted, and the response
(R) value was found to be 0.1304 °C W~!. As seen from the
figure, the ‘R’ decreases as the heat input increases, whereas
for the inclination angle and concentration of nano-fluid, the
‘R’ decreases up to a certain limit and then increases after
increasing the input variable levels.

The optimization plot for thermal conductivity is shown in
Fig. 14. The ‘k’ was predicted at the optimum input parameter
settings, and the response(k) value was 10,770 W m- KL
From Fig. 14, it is observed that the thermal conductivity
increases with increasing heat input, whereas tilt angle and
nanofluid concentration, increased up to a certain limit and
decreased further, after increasing the input variable levels.

The model equations have been used to find the HPs
optimum ‘R’ and ‘k’. A set of three experiments were con-
ducted with different input conditions chosen from a range
of variables to validate the suggested model. As a result, the
experimentally obtained values are rather close to the theoret-
ically estimated data offered by the suggested models. The
difference between experimental and predicted values was
found to be around 5%. The developed model’s predictive
capability is significantly higher due to the lower error per-
centage between predicted and experimental results shown
in Table 4.
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Table 4 Confirmation tests
Input factor settings R OCw—1) k(Wm~! K1)

AW) B() C(vol.%) Pred

Expt Error (%) Pred Expt Error (%)

200 50 0.17 0.1454  0.1534 551 10,758 10,502  2.37
200 60 0.20 0.1474  0.1399  5.08 10,707 10,547 1.49
200 55 0.15 0.1467  0.1522  3.74 10,708 10,454  2.37

4 Conclusions

The following conclusions were reached after conducting
several tests on a cylindrical screen mesh wick HP while
varying the heat input, inclination, and volume fraction
(concentration) of alumina nanofluids at various levels con- 3.
currently:

1. The Design of Experiments (DOE) based on response
surface methodology (RSM) was extremely useful in
designing the HP experiments, and statistical analysis
assisted in identifying the significant parameters that
have the greatest influence on the thermal characteris- 4.
tics of a mesh wick heat pipe. This experiment design
significantly reduced the time needed by decreasing the
number of experiments required and represented statisti-
cally proven models for all responses.

2. The parameter influence and empirical models were
developed using statistical methods such as regression
analysis and response surface approach. According to the
ANOVA table, the independent variables that influence
thermal resistance and thermal conductivity are volume  fyn
concentration, tilt angle, and power are the significant  Hig

@ Springer

input parameters that affect the heat transfer performance
of heat pipe. The obtained thermal resistance and thermal
conductivity response values are extremely close to one
another, indicating the accuracy of the RSM models that
were developed.

In the present investigation, the desirability approach of
RSM was found to be the simplest and most efficient
optimization technique. At a heat load of 200 W, an incli-
nation angle of 529, and a nano-fluid concentration of
0.17 Vol.%, a high desirability of 95% was obtained. This
condition was deemed to have the best parameters for the
heat pipe, with an ‘R’ of 0.1304 © C W—! and a ‘k’ of
10,770 W m~! K.

The porous coating layer formed on the wick surface at
the evaporator section was observed from SEM analysis,
which produces good capillary structures which increase
wettability and the heat transfer area, which may be the
main reason for the thermal performance improvement
of HPs with alumina nano-fluids.
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