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Abstract

This paper presents the results of bio-based functionalized nanofluids on heat transfer and pressure drop investigation in
square and circular tube heat exchangers to obtain enhanced heat dissipation. Graphene nanoplatelet (GNP) was covalently
functionalized with the clove bud extractions. At different concentrations of graphene in nanofluid, the results showed higher
thermal conductivity with the rising of the suspension concentrations. The nanofluid was compared with the traditional
working fluid (water), and the result showed higher thermal conductivity and improved heat transfer coefficient. The present
experimental investigation focused on the performance of heat transfer, thermophysical properties and pressure drop of GNP-
based water nanofluid in different configurations of heat exchanger tubes. Substantial improvement in the rate of heat transfer
with the loading of well-dispersed GNPs in the base fluid was observed. The nanofluid enhances the heat transfer coefficient
irrespective of the circular or square flow passage configurations. Furthermore, the heat transfer coefficient enhanced with
the increase in concentrations of the nanoparticles in the fluid and the pressure loss increment was much less relative to the
gain in heat transfer. The Nusselt number in the circular test section was higher than that in the square test section. Thus, the
GNP water-based nanofluids emerged as a potential high-performance heat exchanging liquid utilizing circular flow passage.
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Introduction

Nanofluids are prepared by dispersing nanometer-scale
sized solid particles in various base fluids like water, oil,
ethylene glycol, etc., to enhance their thermal properties.
Recent experimental investigations shown that the nanoflu-
ids exhibit substantially higher thermal conductivity com-
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The nanofluid is presented as next-generation heat transfer
fluids; it has better thermal characteristics in comparison
with the traditional heat transfer fluids. Over the past three
decades, nanofluids displayed noteworthy development in
thermal conductivity, heat transfer coefficients and stabil-
ity which in turn reduce the overall power consumptions
and cost of operation [3—7]. Nanofluids could be used in
various heat exchangers to reduce overall energy consump-
tion of industry. Thus, to identify a suitable suspension fluid
with higher thermal conductivity and enhanced heat transfer
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Fig.1 Common base fluids,
nanoparticles, and surfactants
for nanofluids preparation
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characteristics has become a challenge to the researchers and
the potential users [8—13].

Several studies reported the improvement of thermal
conductivity of heat transfer fluid depending on the size
and shape of nanosized particles [14—17]. Moreover, the
enhancement of thermal conductivity also depends on the
addition and concentration of nanoparticles [18]. Besides
the thermal behavior, the most crucial issue is the stability
of the nanofluids and the achievement of the required stabil-
ity is still an enormous challenge [19]. Several researchers
had discussed about the stability of nanofluids; however,
the results were inconclusive [20]. Some other research-
ers added different additives to the nanofluids to enhance
their stability. The addition of Arabic gum, tragacanth gum,
cetyltriethyl ammonium bromide (CTAB) and dodecyl ben-
zene sulfate (SDBS) surfactants was tested where positive
results were obtained, but the drawback is the pH of the flu-
ids which were changed most of the time. The pH of suspen-
sion fluid has to be controlled by researchers to enhance the
stability of nanofluids [21, 22]. The addition of surfactant is
easy and low cost; this is a preferable method for industrial
applications, but the fluidity and stability of the nanofluid
cannot last long because of the loss of electrostatic repul-
sion when the distance between the nanoparticles becomes
shorter [23]. Recently, it is found that minimizing the con-
centration of nanoparticle could be the best method to main-
tain better stability and fluidity. There are many applications
in which nanofluids could be utilized, for instance closed
conduit heat exchangers nanorefrigerant boiling heat transfer
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inside flattened channels, heat storage component with nano-
particles and finned heat exchanger [24—26]. The ethylene
glycol-based nanofluids exhibit higher thermal conductivity
compared to the traditional working fluid. High thermal con-
ductivity of cooling liquids (nanofluids) for microelectronic-
mechanical systems could dissipate large amount of heat and
solve their heat generation problems [27-29].

In recent years, the geometry of the heat exchanger con-
duit is becoming a great interest of study, both in numeri-
cally and experimentally [30-37]. Researchers around the
globe used different geometry and flow configurations to
investigate the thermal performance [38—41]. Therefore, it
is a great interest to conduct research on the thermal per-
formance and momentum transport of nanofluids in various
configurations of flow passages and explore the possibili-
ties of enhancement in heat transportation. Nanofluids have
been receiving a substantial attention in the last 2 decades,
for their improved thermal properties [42, 43]. The research
shows that the heat transfer performance of nanofluids
depends on many factors, for example effect of magnetic
field, particle size, material and shape, fluid and temperature
[44-47]. Al-Nimr et al. and Peyghambarzadeh et al. [48,
49] identified the features of nanofluids which are vital for
numerous engineering applications. These special qualities
include:

¢ Enhanced thermal conductivities.
e Increased ability of heat transfer.
e Justified pumping power.
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e Supreme lubrication.
e Acceptable clogging and erosion within microchannels.

The concept of using suspension fluids has been driven by
the prospective of improved heat exchanger fluids, where
considerable enhancement of convection and thermal con-
duction properties is expected [50]. Many researchers con-
ducted research on nanofluids for heat transfer applications
[51-55]. Knowingly that the metal- and carbon-based mate-
rials in the solid form have thermal conductivities higher
than the fluids [56-62]. The thermal conductivity of cop-
per particles is approximately 700 times more than water
at room temperature; therefore, the liquid that contains sus-
pended copper particles should have significantly greater
thermal conductivity than those of traditional heat transfer
fluids [63]. Suspension fluids can be utilized in numerous
engineering applications such as power plant cooling system,
process industries, automobile, welding equipment industry
and medical applications. Graphene nanofluids exhibit good
heat capacity, improved stability when functionalized, excel-
lent thermal conductivity and can be produced in mass quan-
tities, and these are the main advantages over other nano-
materials. Moreover, depending on the production method,
numerous physical properties and morphology of graphene
can be obtained [64]. In that sense, the functionalized GNP
is preferred over other nanomaterials.

In the wake of escalating global energy demand, the
energy recovery by efficient means has become a vital issue.
Heat exchangers are used for transportation and recovery of
energy, so to develop efficient heat exchanger, the current
work has emphasized on developing high-performance heat
exchanger liquid and testing its performance in an experi-
mental test rig. Heat transfer to nanofluids has been inves-
tigated for a long time by researchers and many of them
concentrated on metal oxide with surfactant, but a few have
adopted covalent functionalization for stability [65-69]. It
has become essential to work on environmentally benign
covalently functionalized synthesis of nanofluids for appli-
cation in heat exchangers [70]. The present work has con-
centrated on the synthesis of carbon-based functionalized
nanofluids and its application as heat exchanger liquid for
the enhancement of heat transfer, save energy and provides
economic benefits.

Material and methods

Graphene nanoplatelets (GNPs) of maximum particle width
2 um, 99.5% purity and 750 m? g~! specific surface area
were purchased from BT Science Sdn. Bhd. Analytical
graded, hydrogen peroxide (30%) was procured from Sigma-
Aldrich. Clove bud (CB) was procured from grocery stores
at Kuala Lumpur, Malaysia.

The technique used for the preparation of GNP nanofluid
is an environmental friendly one, which utilized dried clove
buds in a polar solvent. This is a well-established technique,
and it is suitable for investigation of various geometry con-
duits. This method also guaranteed the improvement of sta-
bility. In this technique, hydrogen peroxide was used to graft
the main components of cloves (eugenol) onto GNPs. The
hydrogen peroxide is considered as an oxidizer for produc-
ing a nontoxic substance. This functionalization technique
can be separated into two phases, such as preparation of the
clove extract and functionalization process. Figure 2 shows
the procedure of preparation of GNP nanofluid which was
started by adding 15 g of grounded clove buds into 1000 mL
of distilled water at 80 °C; then, the solution was harmo-
nized by a homogenizer at the speed of 1200 rpm. The solu-
tion was then heated continuously at 80 °C for 30 min. Then
the solution was filtered by polytetrafluoroethylene (PTFE)
45-pm membrane in a vacuum filtration system.

The functionalization stage was performed systemati-
cally; for example, 5 g of pristine GNPs was added into
a bowl containing 1000 mL of previously produced clove
extract solution. In order to get a homogenous black solu-
tion, the suspension was agitated for 15 min continuously.
The solution was then ultra-sonicated for 10 min, and during
this mixing process, 25 mL of hydrogen peroxide was added
drop by drop to the solution. The solution was then heated at
80 °C under reflux for 14 h. Then at 11,000-14,000 rpm, the
produced fluid was centrifuged and washed by adding plenty
of demineralized water until the pH of the fluid became neu-
tral. After that, the functionalized sample was dried for 12 h
in a vacuum oven at 60 °C. Then, the CGNP-water nanoflu-
ids were synthesized by adding calculated amount of CGNP
powder to the distilled water and then sonicated for 10 min
to disperse CGNPs into distilled water. In the present inves-
tigation, the particle concentrations were maintained at 0.1,
0.075 and 0.025 mass%. The clove-treated GNPs were found
extremely stable in the aqueous medium.

Experimental

In the field of thermo-fluid, the performance of a heat
exchanger test rig can be improved by enhancing its heat
transfer coefficient (h).

The experimental setup used in this investigation is shown
in Fig. 3 which consists of four main sections, heating unit,
flow loop, cooler, measuring tools and the control unit. The
flow loop contains pump, pressure gage, transmitter of dif-
ferential pressure, cooler, thermocouples, flow meter, power
supply and the test section.

Figure 4 shows the schematic diagram and the photograph
of the test section. The experimental investigation was con-
ducted in two stainless steel horizontal straight tubes of rec-
tangular and circular cross sections with the inner diameter
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Fig.2 Steps of preparing
functionalized GNP with clove
bud extract
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Fig. 3 Experimental setup for investigation of the convection heat transfer coefficient

of 10 mm and the length 1400 mm. The heated portion of
the tube was installed by carefully wrapping the outer sur-
face of the test section up to the length of 1200 mm. The
test section was wrapped by an electrical heating element
which regulated by a transformer of variable voltage output.
The maximum power capacity of the heating element was
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900 W. It is known that the heated fluid dissipates a portion
of the heat to the surroundings by radiation and convection.
Heat was transferred from the heated surface to the cold fluid
flowing through the test section. Outer surface of the heater
tape and the tubes were wrapped properly by a thick layer of
insulation glass wool (50 mm) throughout the length of the
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Fig.4 Sectional view of the experimental test section. a Schematic diagram. b Actual test section

tubes, and finally, the outer surface of the insulation layers
was covered by aluminium foil to minimize radiation and
natural convection heat losses to the surroundings.

To estimate the heat transfer to the flowing fluids from
the tape-heated tube test section, five equally spaced K-type
thermocouples of (+0.1 °C) accuracy were fixed by using
high thermal conductive epoxy adhesive material to measure
the surface temperatures. The bulk temperature and the inlet
and outlet temperatures of the fluid were measured by two
thermal sensors (PT 100).

In the flow loop of the experimental setup, the fluid was
pumped by EX-70R magnetic pump of capacity 80 L min~!,
from a reservoir of capacity 10 L covered with a cooling
jacket to keep a uniform temperature of the fluid in the res-
ervoir. The fluid in the reservoir was kept under constant
stirring to prevent sedimentation of the particles inside the
tank. After completion of a cycle in the flow loop, the fluid
was returned back to the jacketed tank where the hot fluid
was cooled by the chiller which regulated the flow of chilled
water to the reservoir jacket to remove the heat from the
main stream fluid. In the flow passage, the pressure drop
across the test section was measured by using a pressure
transducer of OMEGA with an accuracy of +£0.75%. All
the temperatures were recorded in a Graphtec GL-800 mul-
tichannel electronic data logger, and the pressure drop, flow

rate and heat flux data were noted and compiled in a com-
puter for data processing.

Properties of nanofluids

Dispersion of nanoparticles in a host fluid alters the thermos-
physical properties of the suspension fluid. Many researchers
have tried to improve the thermos-physical properties of the
conventional heat exchanging liquids by dispersing nano-
particles in the base fluids. Improvement of the synthesized
nanofluid properties was theoretically evaluated by many
researchers from the various correlations developed for
suspension fluids. The experimental data of any dispersed
nanofluid could be compared with the evaluated character-
istics of the nanofluids from the correlations for validation
of data and to explore the reason of positive enhancement
in properties.

Nanofluids were explored by the investigators to obtain
the improvement of thermal conductivity of the fluid for
application in heat exchangers. Many experiments were con-
ducted to compare the experimental results with the analyti-
cal solutions. One of those models was presented by Crosser
and Hamilton who investigated the effects of the ratios of
surface areas of spheres with the volumes of the nanopar-
ticles on thermal conductivity of nanofluids, as shown in
Eq. (1) [71].
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where K, is the thermal conductivity of nanofluid, K|, is the
thermal conductivity of the nanoparticles, Ky is the thermal
conductivity of the base fluid and f is the ratio of the
nanolayer thickness to the original particle radius. Generally,
the value of #=0.1 is selected in the calculation of the ther-
mal conductivity of nanofluids, n = % which is the experi-

mental shape factor in Eq. (1) and ¢ is representing the sphe-
ricity of the nanoparticles as mentioned above.
Thermos-physical characteristics of nanofluid are essentially
relied on the properties of the host fluids, such as pH, size
and volume concentration values of the solid
nanoparticles.

Considering balance mass of the mixture of host fluid and
solid nanoparticles, the effective density (p,;) of nanofluid
can be calculated by Eq. (2).

Pt = (1 - ﬂp)pbf + ﬂp pp (2)

where py, Pps and Qp are the density of the host fluid, the
density of particles and the volume fraction of the solid
nanoparticles, respectively.

Xuan and Roetzel [72] improved a formula to obtain the
specific heat of suspended fluid as shown in Eq. (3).

1—=0.)pCop +9, p,C
Cout = ( p) bfp bf p Fp-P 3)
nf

Viscosity is one of the most important properties of the
nanofluids, and the results of pressure drop, pumping power
and heat transfer are relying on it. Sharma et al. [73] tried
to find a correlation for this property taking into account
the particle diameter, volume portion and temperature as
shown in Eq. (4).

s T, ~0.038 dy ~0.061
=1 ol [ L [ —
Mot l( + (Pp) < + 70 > < + 170) ] Hyt

“
Table 1 shows the thermophysical properties of the tested
materials. The presented correlations were used to calcu-
late the most important thermophysical properties of the

nanofluids. Those properties are the density, specific heat,
thermal conductivity and viscosity.

Data reduction for evaluation of heat transfer
and pressure drop

Calculation of pressure drop between the inlet and outlet of
the test section when the fluid flows through the tube consid-
ered one of the most important characteristics of the nano-
fluids for specifying the power requirement for the pump as
it depends on the pressure drop through the tube.

To evaluate the drop of pressure through the tubes, cal-
culation of Darcy friction factor (Cy) is essential by using
Eq. (5).

T

— S
Cr = 5)

2

where 7, indicates the shear stress and the average velocity
is denoted by V.

Fanning friction coefficientf can be correlated with Darcy
friction factor as shown in another Eq. (6).
Ci = 2 ©)
Friction factor property should be evaluated to calculate the
pressure drop in the ducts, and this feature depends mainly
on flow regime and Reynolds number. When the fluid flows
through the ducts in the laminar regime, then the friction
factor can be calculated based on Eq. (7).

64

=% )
Experiments of the current investigation were performed in
the turbulent flow regime, where the friction factors were
calculated from the empirical equations or from the Moody
chart where the surface roughness property was obtained
from the tables [74]. The pressure drop can be evaluated
theoretically by Eq. (8).

pV?

2 ®)

L
sr=1(%)
f D
In the case of testing different nanofluids, if the Reynolds
number is kept constant, then the velocity of the different
nanofluids at different concentrations could be changed, as

Table 1 Thermophysical

i , Nanofluid ulPas P/m® kg™! C /I kg ' K™! KW m™t K Pr
properties of the nanofluids ?
DW 8.29E-04 995.5 4142 0.611 5.62E+00
GNPO0.025 0.000844 995.6 4123 0.636 5.47E+00
GNPO0.075 0.000868 995.8 4096 0.681 5.22E+00
GNPO.1 0.000885 995.9 4080 0.708 5.10E4-00
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the viscosity and density alter the relation between Re and
V, as shown in Eq. (9).

Reu
V=——
D ©

By substituting the velocity from Eq. (9) in Eq. (8), then
the drop of pressure per unit length can be calculated by the

resulting Eq. (10).
AP R

20 _=J,. 10
L o {10

In the case of turbulent flow, friction factor can be deter-
mined by employing Petukhov Eq. (11).

Nu = 0.023Re’® Pr (15)

When the fluid is heated, then n=0.4; whereas, n=0.3 if
the fluid is cooled.

With reference to Eqs. (12 and 15), the Reynolds number
and Prandtl number can be considered as the two parameters
affecting the value of Nusselt number in the case of forced
convection turbulent flow heat transfer. So, the enhance-
ment effect will come from the Prandtl number in the case
of keeping Reynolds number constant.

Xuan and Roetzel [72] investigated the Nusselt number
and examined the parameters which could affect Nu, and
later they suggested a new general function containing the
influence factors of Nusselt number as presented by Eq. (16).

Ky (PG

Nu,; =f [Re, Pr, 4 ( P)P , @, flow geometry, particle geometry (16)
Kos (0Cp)

F=(0791nRe — 1.64)2 (11 From the Newton’s law for cooling as shown in Eq. (1), the

Regarding the calculations of heat flux, heat transfer coef-
ficient and Nusselt number of the flowing fluids through the
ducts are discussed by many researchers and most of the
correlations generated are dependent on which type of flow
regime, flow passage configuration, type of fluid and prop-
erties of the fluid. Gnielinski [75] presented a correlation
for evaluating Nusselt number in the fully developed flow
in circular tube at various boundary conditions, as shown
in Eq. (12).

<§>(Re — 1000) Pr

- f 2/3
1+ 12.7\/;(1% 1)

where k_ is consider as a factor which can be obtained
from the Prandtl number ratio of the fluids as presented by
Eq. (13).

0.11
Pr
k.=|— 1

Here, Pry is referring to the Prandtl number at the surface
temperature, whereas Pr can be calculated by Eq. (14), con-
sidering bulk temperature of the fluid.

Nu

1+ (2>2/3]kc (12)

h

_ HCp
K

Pr 14
Dittus and Boelter developed an experimental correlation to
evaluate Nusselt number at fully developed flow through the
tubes as presented by Eq. (15).

average value of heat transfer coefficient for convection can
be calculated from Eq. (17).

NuK q

"D T n) an

where g represents the heat flux, 7 represents the tempera-
ture of the inner surface and 7, represents the bulk tempera-
ture of the flowing fluid. This equation can also be used to
evaluate the local Nusselt number at a specific location in
the test section based on the temperature of the fluid and
the surface temperature recoded at the specific location of
the surface.

Thermophysical properties of the fluid needs to be con-
sidered after adding nanoparticles in the base fluid to evalu-
ate the corresponding velocity of the nanofluid considering
based fluid velocity. So, Eq. (18) can be used to calculate the
velocity of nanofluid at constant Reynolds number.

£ =—— Vit (18)
where V,; represents the base fluid velocity and could be
calculated from Eq. (9), considering fluid bulk temperature.
Results and discussions

Validations of the data from the test rig

The experimental test rig with both the circular and square
test sections was first validated by comparing the data

of Nusselt number obtained experimentally with those
obtained by the empirical correlations (Dittus—Boelter and
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Gnielinski). Figure 5 shows a good agreement between the
experimental data of Nusselt number for the circular test
section and those obtained for the circular tube from empiri-
cal correlations of Gnielinski and Dittus—Boelter with the
average errors of 9.05% and 7.98%, respectively. Experimen-
tal data satisfied the data obtained from standard equations
within the limited percentage of variations.

Figure 6 illustrates the difference between the average
Nusselt numbers calculated by the empirical correlations
for the square test section. The average errors between the
Nusselt numbers obtained experimentally and from standard
correlations of Dittus and Gnielinski are 6.9% and 7.5%,
respectively.

The average errors for both the circular and square test
sections are less than 10% which indicates that the data gen-
erated from the test rig are satisfactory and can be utilized to
evaluate the convection heat transfer coefficients of different
fluids to compare with the data obtained for water alone.
Another method to evaluate the reliability and accuracy
of the experimental system can be done by comparing the
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pressure drop measured experimentally and those obtained
by the empirical equation such as the Blasius’ equation for
both the circular and square test sections at the same range
of volume flow rates. Figure 7 shows a good agreement
between the measured pressure drops per unit length of the
tube with the calculated data by Blasius equation for both the
circular and square test sections with the evaluated average
errors of 9.4% and 8.8%, respectively. The results indicate
satisfactory accuracy level of the current investigations of
the pressure drop measurements.

Heat transfer of nanofluids

These experiments were conducted with distilled water
and GNP nanofluids of three different concentrations such
as 0.025 mass%, 0.075 mass% and 0.1 mass% of nano-
particles in turbulent forced flow condition. Evaluation of
heat transfer performance was obtained by examining the
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parameters like heat transfer coefficient and Nusselt num-
ber. These parameters were calculated by considering the
average values in the fully developed region. Figures 8 and
9 show that, with the increase in the volume flow rate, the
heat transfer coefficient was increased. The graphs show a
noticeable increase in the value of heat transfer coefficient
with the growing concentrations of nanoparticles in both the
test sections, the circular and square. This can be attributed
to the Brownian motion of the nanoparticles which enhanced
advection and augmented heat transfer coefficient conse-
quently. The average ratios of enhancement in heat transfer
coefficients are 2.05%, 6.15% and 7.29% for 0.025 mass%,
0.075 mass% and 0.1 mass% concentrations, respectively,
for both the test sections.

Another important point to be explained is that the rate of
heat transfer in the square test section is less than the circular
test section, although in the square section the secondary
flow and swirls formation occurs at the corners which in
turncould enhance the rate of heat transfer, but in this case
the cross section of the square test section is higher than the
circular test section, which reduced the velocity and Reyn-
olds number for the same flow rate the reduction in the Nus-
selt number and heat transfer coefficient.

Regarding Nusselt number, it is primarily dependent on
two types of non-dimensional numbers which are Reyn-
olds and Prandtl numbers. The experiment showed that by
increasing the concentrations of nanoparticles, noticeable
reductions in the values of Prandtl number were observed,
and the Reynolds number was decreased as well due to the
increasing kinematic viscosity and density at the same flow
velocity.

Decreasing Prandtl number (the ratio of momentum dif-
fusivity to thermal diffusivity) is a notable reason for the
reduction in the Nusselt number; even though the dynamic
viscosity is increased, which is proportional to Prandtl num-
ber, Prandtl number is declined due to the increase in the
thermal conductivity by raising the concentration of nano-
particles, which is inversely proportional to Prandtl num-
ber, and it has higher average growth than dynamic viscos-
ity which leads to decreasing Prandtl number. As a result,
Nusselt number is decreased because of the reduction in
the values of Reynolds and Prandtl number. Figures 10 and
11 show the reduction in Nusselt number for both the test
sections.
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Fig. 10 Variations of Nusselt number with the volumetric mass flow
rates for the circular test section
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Pressure drop of nanofluid

Researchers investigated the pressure drop across the test
section of the closed conduit flow under intensive investiga-
tions, which is the most important parameter to evaluate the
requirements of pump and fan power, following the impor-
tance of energy conservation in industrial field.

The pressure drop mainly depends on friction factor
which also depends on the flow regime and roughness of
the tube. In the present investigation, the flow was turbulent;
hence, the friction factor was calculated from Eq. (11); then,
the pressure drop per unit length was determined by apply-
ing Eq. (10).

Figures 12 and 13 show the increase in the concentration
of nanoparticles enhancing the pressure drop. This observa-
tion confirms the significance of GNP concentration on the
viscosity of nanofluid. The average ratios of increase in the
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pressure drop with the rise of concentrations are 2%, 5% and
7% for 0.025 mass%, 0.075 mass% and 0.1 mass%, respec-
tively, for circular and square test sections.

For a certain volumetric flow rate, the graphs show
that the pressure drop along the square test section is less
than that of the circular tube test section. For example at
0.1 mass% of GNP concentration, the pressure drop is
around 35% less compared to water data in the square test
section. This observation can be attributed to the increase in
hydraulic diameter in the square test section which provides
a proportional relation with the generated pressure drop.
Equation (10) further validates the inference.

Conclusions

In this study, GNP was functionalized covalently by clove
buds extract and dispersed in water for synthesizing CGNPs
nanofluids at various particle concentrations such as 0.025,
0.075 and 0.1 mass%. The prepared nanofluids were tested in
horizontal circular and square pipe heat exchanger where the
heat transfer and frictional pressure loss data were evaluated.
The present investigation highlighted several new insights
towards pursuing an enhancement in convective heat transfer
by the alteration of flow passage and evaluation of the pres-
sure drop in different configurations of the heat exchanger
tubes. From the investigation, the following conclusions
were drawn:

e GNP nanofluid coolant enhances the heat transfer coef-
ficient irrespective of the flow passage configurations
(circular and square).

e Heat transfer coefficient significantly increased with the
increase in concentration of GNP in the coolant.

e Nusselt number decreases with the increase in the con-
centrations of GNP, and the decrease in the Prandtl num-
ber is accompanied by increasing the concentrations of
nanoparticles.

e There is a considerable enhancement of frictional pres-
sure drop with the increase in the concentration of GNP
nanoparticles in the fluid.

e The Nusselt number in the circular test section is higher
than that obtained in the square test section, because
the increase in the hydraulic diameter in the square test
section for a certain volumetric mass flow rate leads to
decrease in the velocity, Reynolds number and the rate
of heat transfer.

¢ In the future, experimental investigation at constant sur-
face temperature approach could be done and compared
with the data at constant heat flux boundary condition.
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