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Nowadays, electronic components are one of the essential parts of almost every smart device. To effi-
ciently transfer the desired amount of heat, recent studies have focused on investigating the potential
of advanced thermal coolants and heat sink configurations. Current study reveals the potential of novel
water-based hybrid nanofluid of silica (SiO,) and ferric oxide (Fe,03) for cooling high-heat-generating
electronic devices. The experimental work was conducted to inspect the heat transfer characteristics
of a uniquely designed staggered oriented airfoil shaped pin-fin heat sink employing Fe,03-SiO, hybrid
nanofluid with different mixture ratios (25%:75%), (50%:50%), (75%:25%). Airfoil shaped pin-fins offer less
resistance to fluid flow and maximum effective area due to their unique shape and delayed separation of
fluid at the rear end. All the mixture ratios were tested at three different heating powers (75, 100, 125
W) with varying Reynolds number in laminar flow regime. Experimental results revealed that the fluid
having a mixture ratio of 50:50 showed the least thermal resistance followed by 25:75 and 75:25. Maxi-
mum enhancement of 17.65% in average Nusselt number was observed against the heating power of 75W.
Pumping power was found to increase with the supplementation of nanoparticles in base fluid, while a
little variation was observed among different mixture ratios. Finally, the results were compared with re-
cently published studies, which revealed that the airfoil shaped fins have better thermal characteristics
and offer less resistance to fluid flow.
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1. Introduction

Technological advancements demand compact devices that pose
significant challenges to researchers and developers. It is a daunt-
ing task to design a sink within the size limits of the system.
Conventional fluids such as oils, water, ethylene glycol, acetone,
etc., failed to transfer the desired amount of heat due to smaller
thermal conductivity values. That is why researchers are mov-
ing towards hybrid cooling techniques to transfer excessive heat
and maintain the devices within a safe temperature threshold. A
fluid with enhanced thermal characteristics is used in combination
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with miniature heat sinks. Investigators found that supplementa-
tion of non-metallic or metallic nano-sized particles in base fluid
considerably improved the fluid thermal characteristics [1-3]. For
compact systems such as microprocessors to effectively transfer
the excessive amount of heat micro channel heat sinks employing
nanofluids as a working fluid is the most efficient technique due
to fewer requirements of cooling agent and larger surface area to
volume ratio [4,5].

The work carried out by Abbassi et al. [6] on rectangular-shaped
mini-channels with Cu/water nanofluid suggested that an increase
in heat transfer can be achieved by influencing the flow or chang-
ing the flow from laminar to the turbulent regime. Wu et al. [7] in-
spected the convective heat transfer and pressure drop employing
the nanofluid of alumina and compared the results with the base
fluid (water). The trapezoidal shaped silicon-based mini-channel
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Nomenclature

Al,03 alumina, aluminum oxide

Ag silver

ASPFHS  airfoil shaped pin-fin heat sink
CNTs carbon nanotubes

CNC computer numerical control
CPU central processing unit

CTAB cetyltrimethylammonium bromide
Cu copper

DW distilled water

EG ethylene glycol

Fe,03  ferric oxide

H height

HTC heat transfer coefficient

LFR laminar flow regime

LMTD  logarithmic mean temperature difference
MAE mean absolute error

MCHS  mini channel heat sink

MgO magnesium oxide

MWCNT multiwalled carbon nanotubes
NACA National Advisory Committee for Aeronautics
PEC performance evaluation criterion
PD pressure drop

PP pumping power

SDS sodium dodecy! sulfate

SiO, silica, silicon dioxide

TiO, titanium dioxide, titania

ZnO zinc oxide

Symbols

A sur face area [m?]

AR aspect ratio

Ass, top  top surface area of fin [m?]
Ags sige  Side surface area of fin [m?]
(@ heat capacity [J/kg °C]

D diameter [m]

dp hydraulic diameter [m]

f friction factor

h heat transfer coef ficient [W/m? °C]
k thermal conductivity [W/m °C]|
L length [m]

Lgin length of fin [m]

M molecular weight

m mass [kg]

m mass flow rate [kg/s]

N Avogadro’s number

n empirical shape factor

AP pressure drop [bar]

Pr Prandtl number

Pyip perimeter of fin [m]

Q heat transfer rate [W]

Ry, thermal Resistance [m? °C/W]
Re Reynolds number

T temperature [°C]

Uexp. experimental quantity

Upred. predicted quantity

Vv volumetric flow rate

\ fluid velocity

Vfin volume of fin

w width [m]

Greek letter

%

particle concentration [%]

P density [kg/m3]

uw viscosity [kg/m.s]

Subscript

b base

bf base fluid

C coolant

eff effective

hnf hybrid nanofluid

f fin

nf nanofluid

np nanoparticle
particle

S Heat sink

ss specific section

sef sink effective area

w wall

heat sink (MCHS) was analyzed considering the effect of parti-
cle volume fraction, Prandtl number, and Reynolds number. It was
found that the friction factor and pressure drop were increased
marginally compared to the conventional fluid. However, the Nus-
selt number (Nu) was also improved with Reynolds number, par-
ticle concentration, and Prandtl number. They also noticed the
nanoparticles deposition on the walls, which becomes more sig-
nificant at higher temperatures. Mohammed et al. [8] numerically
examined the important factors such as heat transfer coefficient
(HTC), wall temperature, pressure drop, thermal resistance, fric-
tion factor, and wall shear rate in rectangular-shaped mini channel
heat sinks employing alumina (Al,03)/water nanofluid. They ob-
served that the HTC augmented up to a certain particle concen-
tration limit. It was revealed that the results became identical to
the water at 5 vol.%. Factors such as wall shear rate and friction
factor increased slightly with particle addition, while thermal re-
sistance reduced. On the other hand, the pressure drop increased
as the Reynolds number and particle loading increased. Alazwari
and Safaei [9] investigated the effect of copper nanofluid varying
concentration in the range of 0.0-4.0% at very low Reynolds num-
ber (10-80). The results showed an improvement of 42.3% in heat
transfer with a slight increase in pressure drop.

Moghadassi et al. [10] studied the thermal performance of uni-
tary and hybrid nanofluids of Al;03 and Al,03-Cu in a uniformly
heated circular tube and found that the binary fluid presents the
better results, however, this usually depends on the combina-
tion of nanoparticles. It was concluded that the hybrid nanofluid
showed an augmented Nusselt number of 4.73% relative to the
unitary nanofluid of alumina. The study conducted by Al-Shamani
et al. [11] employed the nanofluids of SiO,, ZnO, Al,03, and
CuO through rib grooved heat sink altering the factors such as
Reynolds number, particle diameter, volume fraction ranging from
(40,000 > Re < 10,000), (70nm > dp < 25nm), (4 > ¢ < 1) respec-
tively. According to the results, the Nu was found to increase with
an increase in particle volume fraction and flow rate while a de-
creasing trend was observed with an increase in particle diame-
ter. It was also revealed that SiO, nanofluids delivered the high-
est value of Nu in comparison of other examined fluids. Nimma-
gadda and Venkatasubbaiah [12] compiled a comparative study on
the heat transfer enhancement of the nanofluids of alumina, silver
(Ag) and their hybrid (Ag+ Al;03) in a rectangular shaped MCHS.
It was observed that hybrid nanofluid with a volume fraction of 3%
(Ag (2.4%) + Al,03(0.6%)) delivered a higher rate of heat transfer
compared to the metallic (Ag) and oxide (Al,03) nanofluids. They
recommended the hybrid nanofluids because it was found to be
more stabilized and cost-effective. Duangthongsuk and Wongwises
[13] studied the hydraulic and thermal performance of a circular
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finned heat sink using water-based SiO, and ZnO nanofluids. The
comparative study showed an improvement of 3 to 9% for the ZnO
nanofluid compared to SiO,. Moreover, pressure drop was found to
be increased with flow rate and particle concentration.

Abdollahi et al. [14] used a heat sink with a V-type inlet/outlet
to examine the thermal and hydrodynamic performance of vari-
ous nanofluids (ZnO, SiO,, Al,03, and CuO). This numerical study
also considered the effect of particle concentration and particle
diameter. It was observed that the thermal performance of SiO,
nanofluid was maximum followed by CuO, Al,03 and ZnO, while
CuO nanofluid offered less pressure drop followed by Al,03, ZnO,
and SiO,. Results revealed that the effect of particle volume frac-
tion was more significant, however, a noticeable enhancement in
Nu was also observed with decreasing particle diameter. Zhou
and Catton [15] studied numerically the hydrothermal performance
of different plate fin heat sinks having different pin fin shapes
(dropform, circular, square, NACA profile, and elliptical). Recircu-
lation zones at the rear end of pin fins were observed. Flow sepa-
rated at the rear end because of stationary recirculation and reat-
tached again, resulting in the formation of a dead zone. Velocity
streamlines illustrated that flow separation was most prominent
for square pin fins due to sharp edges. Interestingly, the Nusselt
number for square pin fins was comparatively higher, but at the
same time, pressure drop was also much higher. So, the compari-
son was drawn based on the heat transfer effectiveness factor and
found that elliptical and NACA shaped pin fins with plate fins de-
livered the best results. Table 1 summarized the important param-
eters of some additional research conducted on different geomet-
rical configurations of heat sinks employing various nanofluids.

In the past few decades, nanofluids have attracted the attention
of scholars and investigators due to their improved thermal char-
acteristics. Hybrid cooling (nanofluids in a combination of mini-
channel heat sink) has proven to be an effective technique for the
thermal management of high heat-generating devices. The idea be-
hind the selection of hybrid nanofluids is their better stability pe-
riod and cost-effectiveness. The unitary silica nanofluid showed
better stability but not good thermally due to its poor thermal
conductivity. On the other side, ferric oxide nanofluid has better
thermal characteristics but comparatively lower stability period,
because the ferric oxide has higher density value. As the results
demonstrate that the sample with an equal mixture ratio (50:50)
performed better than the fluid with higher concentration of ferric
oxide. In addition, ferric oxide nanoparticles are also cost-effective.
However, the addition of nanoparticles in base fluid also increases
the pumping power. In fact, the performance of heat sink cannot
be decided on the basis of heat transfer only. It is the trade-off
of pumping power and heat transfer. Thus, pumping power is also
a predominant factor that can be reduced by selecting an appro-
priate design of heat sink. So, both aspects should be considered
while designing a heat sink. Airfoil shape has proven to be effec-
tive because it provides less resistance to fluid flow while offer-
ing substantial effective surface area for heat transfer. According
to Ho et al. [16], fins orientation caused the formation of vortices
results to enhance the rate of heat transfer. Results also yielded
that fins having angle above 10° restricted the fluid flow and in-
creased the pumping power. A small improvement in heat transfer
with a significant increase in pumping power is undesirable. That
is why, the fins have been oriented at an angle of 5° clockwise and
anticlockwise. It will increase the flow resistance slightly but im-
prove heat transfer significantly. Heat transfer can be improved by
increasing the fins orientation, but it costs in the form of pumping
power [17].

Fig. 1 depicts the stats of the “Web of Science” searched with a
keyword of “airfoil” and “nanofluid”. The results were then filtered
with different keywords to highlight the novelty of this study. No
doubt, numerous studies have been compiled on airfoil profiles in
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different applications [18-27], as shown in Fig. 1(a). Most of the
studies carried out on airfoil profile in the fields of mechanical
and aerospace. However, the literature reports very limited studies
on airfoil shaped pin-fin heat sinks (ASPFHS). The reported studies
numerically examined the performance of heat sinks using air, su-
percritical carbon dioxide, etc. as a cooling agent [16,28-30]. How-
ever, till 2020, not even a single experimental study has been re-
ported in the literature that examined the hydrothermal perfor-
mance of staggered oriented ASPFHS using water or nanofluid as a
cooling agent. In addition, the studied hybrid nanofluid of (Fe,03-
SiO,/water) has also not been investigated before, as illustrated in
Fig. 1(b). The presented study aims to emphasize the significance
of ASPFHS and hybrid nanofluid mixing ratios to augment the rate
of heat transfer.

2. Nanofluid preparation

The current study used the most commonly employed two-step
method to prepare the samples of hybrid nanofluids. A number
of research articles compiled by different investigators have stated
that the two-step method among several is the most effective one
for nanofluid preparation. This technique involves two steps; first
step deals with the nanoparticles synthesis while these synthe-
sized nanoparticles are dispersed in base fluid in the second step.
To ensure the proper mixing and avoid the agglomeration of the
particles in base fluid the solution is further treated with the help
of magnetic stirrer, ultrasonicator, and homogenizer. Some kinds
of surfactants have also been used to enhance the stability period
[37]. Shoghl et al. [38] performed the magnetic stirring for 1 h and
ultrasonic vibration for 4 h to prepare the stabilized nanofluid of
MgO. The study of Ali et al. [39] on the thermal performance of
car radiator using MgO nanofluid employed a two-step method for
nanofluid preparation. It was observed that the stability of the fluid
increased by making it more acidic or decreasing the pH value.
For this purpose, they used HCL and noted that after adding HCL
to the MgO solution, it turned transparent, and no sedimentation
was found even after 7 days. Mahbubul et al. [40] studied the ef-
fect of ultrasonication time on the stability of titania nanofluid.
Positive impact of ultrasonication was observed on the suspen-
sion of particles in base fluid. In addition, it was revealed that re-
agglomeration of particles begins after performing the sonication
process for more than 150 min.

Ghadimi and Metselaar [41] observed that surfactant supple-
mentation while performing the ultrasonication process exhibited
improved thermal properties. Zouli et al. [42] followed the two-
step method for preparing the Fe,03-water nanofluid. The samples
were homogenized for 45 minutes using an IKA homogenizer (T25)
and sonicated for 30 minutes to ensure the proper mixing. Four
different samples with the particle concentration of (0.01 vol.%,
0.02 vol.%, 0.05 vol.%, and 0.09 vol.%) were prepared and investi-
gated the variation of thermal conductivity with particle concen-
tration and temperature. It was observed that the thermal conduc-
tivity increased with temperature and volume fraction of the par-
ticles. Kumar and Sonawane [43] also observed an enhancement
in thermal conductivity with increasing temperature and particle
concentration. Ferric oxide nanoparticles were dispersed in water
and ethylene glycol base fluids to prepare the samples with dif-
ferent particle concentrations (0.01-0.08 vol.%). Then, the ultrason-
ication process was performed for 50 minutes to homogenize the
solution. Phuoc and Massoudi [44] prepared the samples of Fe;03-
water having a particle diameter of 20 to 40 nm and concentration
in the range of (0.01-0.04% by volume) to observe the variation in
viscosity. To disperse the particles in water, magnetic stirring and
ultrasonication was carried out for half an hour. Parsian and Akbari
[45] adopted the two-step method to prepare the ethylene-glycol
based hybrid nanofluids of copper and alumina. The samples were



Table 1
Summary of the various experimental and numerical studies conducted on heat sinks for electronic cooling using nanofluids.
Channel
Heat Sink Hydraulic Reynolds Particle
Reference  Study Type Sink Type Material Diameter Number Nanofluid Concentration Nusselt Number Pressure drop Other important Factors
[7] Rectangular Silicon 194.5 190- Al, 053 /water 0.15, 0.26 vol.% Increased Increased Thermal resistance reduced
Experimental pm 1020 10.2-15.8% by 0.26 3.4-5.5% by 0.26 11.5% by 0.26 vol.%.
vol%. vol%. Particles deposited on the
walls at higher temperature.
[8] Numerical Rectangular - 339.15 100- Al, 053 /water 1-5 vol.% - - Thermal resistance reduced
pum 1000 and pumping power increased
57.6% and 0.0173 W by 5 vol.%
respectively.
[11] Numerical Rib grooved - - 10,000- SiO, /water, 1-4 vol.% - - -
40,000 ZnO/water,
Al, 03 [water,
and CuO/water
[12] Numerical Rectangular - - 200-600 Al, 05 /water, 3 vol.% - - HTC enhanced by 26-148%,
Ag/water, 111-144%, and 17-18% for
Ag-Al, 03 [water Ag+Al,03, Ag, and Al;03
respectively.
[13] Circular pin fin 1.2 mm 700- Si0, /water, 0.2-0.6 vol.% - Increased with 3-9% increase for ZnO
Experimental Aluminum 3800 ZnO/water particle compared to SiO; in the
concentration and concentration range of (0.2-0.6
flow rate while vol.%)
observed no effect
of particle type.
[14] Numerical Micro channel Silicon - - Si0, /water, 1.0, 1.5, 2.0 Increased with an Increased with -
with V-type Al, 03 [water, vol.% increase in particle particle
inlet/outlet ZnO/water, concentration and concentration and
CuO/water decrease of particle diameter
particle diameter
[31] Rectangular Copper 8 mm 2985- CuO/water 0.1, 0.2 vol.% - - Pumping power increased by
Experimental 9360 15.11 % by 0.2 vol.%
[32] Rectangular Copper - 133- Al, 05 /water 0.5-10 wt.% - - HTC increased 72% by 10 wt.
Experimental 1515
[33] Numerical Trapezoidal - - 266-799 Al, 03 /water, 1-4 vol.% Increased 120.22% - Friction factor increased up to
grooved CuO/water, in trapezoidal 52.24%.
ZnO/water, grooved MCHS
Si0, /water compared to
simple MCHS
[34] Rectangular - 100- CuO/water 0.24, 1.03, 4.5 - Increased 70% by -
Experimental Aluminium 5000 vol.% 4.5 vol.%
[35] Rectangular Copper - 395-989 Al, 03 [water 0.1-0.25 vol.% - - HTC increased 18% and
Experimental thermal resistance reduced
15.72% by 0.25 vol.% and
[36] Rectangular Copper - - Al, 03 /water 0.05-0.2 vol.% - - Frictional effects found to
Experimental increase with the

supplementation of
nanoparticles in the base fluid.
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Fig. 1. Web of Science year-wise stats of the number of published articles (2010-2020).

prepared with various concentrations ranging (0.125-2.0 vol.%) con-
sidering a particle mixing ratio of 50:50. To break the clusters and
make suspension more homogeneous the sonication process was
carried out for 7h. The solution prepared adopting this method was
found to be stabilized for 3 days. For the preparation of MWCNT-
Al,03 (15:85)/oil hybrid nanofluid, Asadi et al. [46] used two-step
approach. To obtain a stable solution, magnetic stirring was per-
formed for 2 hours prior to 1 hour of sonication.

To get the hybrid nanofluids of Fe,03-SiO,/water having dif-
ferent mixture ratios (25:75, 50:50, 75:25), ferric oxide and silica
nanofluids were prepared separately with a particle concentration
of 0.015 vol.% and mixed accordingly while carrying out contin-
uous stirring with the help of a magnetic stirrer. To ensure the
proper mixing of fluids, the processed solution was homogenized

for 5 min at 8000rpm. Table 2 details the particle properties and
morphology purchased from the market (NanoAmor, USA).

The unitary nanofluid of ferric oxide and silica was prepared
by adopting the following steps: added the calculated amount of
nanoparticles in the desired quantity of base fluid while stirring,
the solution was stirred, homogenized, and sonicated for 30 min, 5
min, and 3 h respectively with the help of magnetic stirrer, IKA T25
homogenizer, and ultrasonicator (frequency 50 kHz). Fig. 2 pro-
vides the schematic illustration of the preparation process step by
step. To keep the temperature constant, cold water flows around
the particles suspended fluid during sonication. The prepared flu-
ids stability was observed for 12 hours and found to be stabilized.
A small amount of CTAB surfactant (0.05 g in the 1000 ml solution)
was used to improve the stability. Fig. 3 shows the nano-powders,



H. Babar, H. Wu, H.M. Ali et al.

Table 2
Particle properties.
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Thermal conductivity

Specific heat

Particle Morphology Size (nm) Purity (W/m.K) Density (kg/m3) (J/kg.K) References
Fe,03 (alpha) Spherical 30-50 99% 20 5250 650 [47]
Si0, Spherical 20 99+% 1.4 2220 745 [48]
Silica nanoparticles
3 Magnetic Stirring
N base fluid Weight Scale
s =5 -p
Ferric Oxide Nanoparticles —
oo 1 ’
k=]
g
=]
B
g G [
Mixing while stirring Unitary Nanofluid N
g.‘ w Sonication -3
g g
g 4 <= — ]
3 Il %
Hybrid Nanofluid ‘ll ) Ferric Oxide
g nanofluid ——
‘h ot §
“

1-

Silica nanofluid

Fig. 2. Schematic illustration of the preparation process.

F03:8i102 (25:75)

Fig. 3. (a) Ferric oxide nanopowder, (b) silica nanopowder, (c) TEM image of Fe,03 nanparticles (nanoamor), (d) TEM image of SiO, nanparticles (nanoamor) (e) nanofluid

just after sonication, and (f) nanofluid after 12h.

TEM images, and the prepared samples of hybrid nanofluid of fer-
ric oxide and silica just after the sonication process and after 12
hours.

3. Experimental setup

Experimental setup used to study the heat transfer character-
istics and pressure drop of staggered oriented pin-fin heat sink
comprised of the interconnection of seven components: a needle
valve, pressure transducer, radiator, sink assembly, flow measuring
device, pump, and coolant storage tank. Fig. 4 provides the detailed
description of experimental setup and coolant flow cycle with the
help of a schematic illustration.

Coolant was pumped from the storage tank with the help of a
small ac pump (VSS 950, Pakistan). The flow was regulated with
the help of a flow control valve connected just after the pump.
To measure the rate of circulating fluid, a precise flow measur-
ing device (FTB333D, Omega, USA) was interconnected between
the needle valve and heat sink assembly. Three cartridge heaters
have been inserted inside the heat sink to provide a constant
heat flux. A DC Power Supply (6575A, Agilent, USA) was respon-
sible to supply the desired power to the heaters. Coolant flows
through the sink channels continuously carries the heat provided
by the heaters. The ends of the pressure transducer purchased
from Omega, USA, were connected to the outlet and inlet in a par-
allel manner using a Y-type connector to precisely measure the
pressure drop across the heat sink.
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DC power supply
(Keysight USA)

Radiator
(Thermaltake,
TT-1225, China)

Oata acquisition bechying iy apgs Pressure Transducer
system (34972A, (5TC-TT-KI-24-2M, Flow meter
Agilent, USA) Omega, USA) g"’“‘”ﬁ oWy (FTB333D,
‘ mega, USA) Omega, USA)
BEBBBBEBBBEB

Heat Sink
Assembly

Needle

Pump (VSS 950, Valve

Pakistan)

@) ——

Fig. 4. Schematic illustration of experimental setup and coolant flow cycle.

Table 3

Measuring equipment accuracy.
Equipment Power Supply Thermocouple Pressure Transducer  Flow Meter
Accuracy Current + 0.1% + 0.1°C + 0.08% + 6%

Voltage + 0.04%

8| 8
=7

]

e

15

43 | 74

Fig. 5. Geometric configuration of staggered oriented pin-fin heat sink.

Four thermocouples (5TC-TT-KI-24-2M, Omega, USA) were in-
stalled at the base 2 mm under the wall of the heat sink channel,
one at the inlet and one at the outlet of heat sink to record tem-
perature values. The other ends of the thermocouples were con-
nected with a data logger (Agilent, USA, 34972A) that recorded the
temperature after every 5 sec time intervals. Fluid flowing through
the channels rejected the heat carried from the sink to the atmo-
sphere by passing through the radiator attached just after the heat
sink. Finally, heat carrying fluid transferred into the storage tank
to complete the loop. Table 3 shows the accuracy of devices used

in the experiment. Fig. 5 shows the isometric and top view of heat
sink with a complete description of design and positioning of ther-
mocouples and heaters. The designed heat sink was used for ex-
perimental testing with the goal to examine the thermal perfor-
mance of symmetrical airfoil geometrical configuration. To ensure
proper sizing and precision, the sink was manufactured by CNC
machining. The fin spacing was designed based on the fact that the
1mm toll bit can be used for production without incurring a severe
cost penalty. Furthermore, a reduction in spacing would result in
an increase in pumping power. The heat sink’s dimensions can be
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selected depending on the system’s design and requirements. For
example, in current study, the heat sink dimensions were 74mm x
42mm which corresponded to the size of the Aries FPGA Module
(M10OPES). The fin was 5mm long, with a Tmm head, 2mm tail,
and 2mm body. The width at the section partition was Tmm and
the spline curve connected the head to tail followed by the body
partition.

4. Data processing

To compute the nanoparticles mass (mpp) added in water (base
fluid) relative to the volume fraction (¢) of particles studied, au-
thors used correlation represented with Eq. (1).

Mpp
Pn
¢ = [w} M)
Pnp Pof

lk 1 Zk 2
k(25720 4 (0= D+ (1= 1) (@11 + @10kyz) - (1= Dy )
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thermophysical properties (heat capacity, viscosity, thermal con-
ductivity, and density). The presented study employed the classi-
cal models of Hamilton-Crosser [49] and Corcione [50] to compute
the thermal conductivity (k) and viscosity (u), while the models
of Xuan and Roetzel [51] and Pak and Cho [52] was used to evalu-
ate the heat capacity (Cp) and density (o) of the prepared samples
of nanofluid. Investigators used these models in different numeri-
cal and experimental studies [53-61].

The studies [62,63] used the extended forms of the classi-
cal models for estimating the thermophysical properties of hybrid
nanofluids. The results revealed that at low particle concentration
(< 0.1 %vol.) these models can predict the values of thermal con-
ductivity, viscosity, heat capacity and density with a slight devia-
tion from the experimental results. However, the error was raised
with an increase in particle concentration. Eqs. (5)-(8) provide the
extended forms of the classical models of Hamilton-Crosser [49],
Corcione [50], Xuan and Roetzel [51], and Pak and Cho [52] used
for the calculation of thermal conductivity, viscosity, heat capacity,
and density, respectively.

= (5)
Ky (M + (1= ks — (@p1kor + @pokyo) + (pkbf)
Mpnf 1 6)
/"Lbf - 0.3 -0.3 1.03 -03 1.03
1-34.87 x (dy) ((dpl) ()" P+ (d)  (¢2) )
C _ (@plpplcp,pl + 0p20p2Cpp2 + (1 — ‘P)becp.bf> 7
p.hnf = (7)
4.1. Hydraulic diameter Phng
Hydraulic diameter (dy) depends on the variation of area and Phnf = Pp1Pp1 + Pp2p2 + (1 — @) Opg (8)

wetted perimeter, as it is directly related to the four times of
the area and inversely related to the perimeter. However, in the
current study, this approach was found to be ineffective as the
cross-sectional area of channel varies along the length. To com-
pute the hydraulic diameter for varying cross-sectional area, the
technique presented by [29] has been adopted in this study. Chen
et al. [29] numerically analyzed the hydrothermal performance of
staggered ASPF and zigzag printed circuit heat exchangers. Accord-
ing to the results, ASPF offered better heat transfer characteristics
with a slight increase in pressure drop. Cui et al. [30] also followed
the same technique to compute the d,, of channels having airfoil
shaped pin-fins. To define the d; of studied configuration, specific
section of heat sink is presented in Fig. 6. To obtain the dj, the
following set of equations were used Eqs. (2)-(4).

Vfin =(LxwW *Ass,top)H (2)

Ass, side = 2<me x H/2) + 2(L - Lfin)H +2(L x W — Ass top) (3)

4vy;
dp = —10 (4)
" Ass. side

where W, L, and H symbolized the width, length, and the specific
section height while Ass top, Viin. Prn, Ass, side- and Lg, denoted the
top surface area, volume, perimeter, side surface area, and pin-fin
length, respectively.

4.2. Thermophysical properties

Literature reports numerous studies that used the classical
models developed by different investigators to compute nanofluids’

where k, df, ¢, u, p. n,dp, M,and N symbolized the thermal
conductivity, base fluid molecule diameter, particle volume frac-
tion, viscosity, density, empirical shape factor, particle diameter,
molecular weight, and Avogadro’s number, respectively. Whereas,
the subscripts p, bf, and hnf denoted the nanoparticle, base fluid,
and hybrid nanofluid, respectively.

4.3. Performance parameters

To compute the hybrid nanofluid thermophysical properties,
mean bulk temperature was used calculated using Eq. (9).

Tinter + T,
Tmean _ inlet 5 outlet (9)

The rate of heat transfer (Q) between the coolant flowing inside
the channels and heat sink is computed using Eq. (10).

Q = me(Toutlet - Tinlet) (10)

where C, and m denoted the heat capacity mass flow rate of the
flowing fluid, respectively.

Thermocouples were installed just below the channel wall to
record the temperature values. Eq. (11) was used to calculate chan-
nel wall temperature.

Ly
Ty=T,— (ISAW) (11)

where I, denoted the base to channel wall surface distance that
was 2 mm in the current study while, ks and A,, symbolized the
heat sink thermal conductivity and wall surface area. The wall sur-
face area was determined by Eq. (12).

Aw = L x W; (12)



H. Babar, H. Wu, H.M. Ali et al.

International Journal of Heat and Mass Transfer 194 (2022) 123085

Fig. 6. Specific section of staggered oriented airfoiled shaped pin fin configuration.

where Ws and Ls represented the width and length of the under-
consideration part of heat sink.

Logarithmic mean temperature difference (LMTD) and convec-
tive heat transfer coefficient (h) was evaluated using Eqs. (13) and
(14), respectively.

LMTD = (TW - EH’E[‘()T__TSTW) - Toutlet) (13)
ln [ (Tw*Tout!et) ]
_ me (Toutlet — Tinlet)
h= [ Aser x (LMTD) (14)
where Ag¢r symbolized the sink effective area.
Reynolds number (Re) was calculated using Eq. (15).
Re = PV (15)

"

To compute the average fluid velocity and channel average
cross-sectional area Eqgs. (16) and (17) was used, respectively.

v =m/Awg (16)
Ve
Aag. = " (17)

Thermal resistance (R,) was evaluated by Eq. (18), while Nus-
selt number (Nu) was computed using Eq. (19).

Ry = —— (18)

_ hd,
=T
where k. symbolized the thermal conductivity of flowing fluid

(coolant).
To compute the pumping power (PP) Eq. (20) has been used.

PP=V x AP (20)

where AP and V represented the pressure drop across the test sec-
tion and volumetric flow rate, respectively.

Nu (19)

4.4. Uncertainty analysis

Uncertainty analysis is essential for micro or mini scale exper-
iments to provide the best demonstration of experimental results
errors associated with measuring instruments needed to be care-
fully examined. To compute the uncertainty in different measur-
ing parameters, presented study adopted the same technique fol-
lowed by different investigators [32,35]. The following set of Egs.
(21)-(25) provides the uncertainties (&) in Reynolds number, heat-
ing power, convective heat transfer coefficient, Nusselt number,
and pressure drop, respectively. Maximum values of uncertainty
for Nusselt number, pressure drop, and the Reynolds number was
never found to be more than 6.79%, 0.81%, and 2.185%, respectively.

2 2 2
cEAC @)
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Fig. 7. Comparison of experimental data with the models of Liu et al. [64] and Prasher et al. [65].

in circulation through the mico-channels of the heat sink and pro-
U Uy U\ 2 posed a correlation for the prediction of the average Nu. The fric-
&g = 2= (*) + <*> (22) tion factor (f) was calculated using Eq. (28) to validate the pressure

2 2 2 2 2 2
_Un_ (U, [ Yany Ua,1) U Y, Un )"y (Y)Yt
&= _\/(Q> +((Tw—Ti)> +((Tw—To)> +<:0> +<Cp> +(Ab) +(U) * (Tour — Tin) )

Uiy 2 U\ 2 U 2 drop measurements [66], and compared to the value estimated us-
SNy = M _ \/<h> + (J) + (Dh> (24) ing the Gunther and Shaw [67] correlation, Eq. (29). Mean absolute
h k Dy error (MAE) is computed using Eq. (30) to examine the deviation
of experimental results from the predicted values of models. It has
Unp) 2 been noticed that the presented models of Liu et al. [64], Prasher
Eap = (—) (25) et al. [65], and Gunther and Shaw [67] predicted the experimen-
tal results obtained in this study with a MAE of 5.76%, 8.75%, and

11.9% respectively, as shown in Figs. 7 and 8.

5. Results and discussion S —d 063
Nu = 0.281 Re®73 (Ldf) (26)
5.1. Validation /
06106 p,036 [ Pr 025

To validate the experimental configuration, authors compared Nu = 0.1245 Re™ Pr <P7r5> (27)
the experimental data of staggered oriented ASPFHS with the de-
rived models of Liu et al. [64] and Prasher et al. [65] using water AP
as a cooling agent and varying Re from 600 to 850. The results re- f= (28)

=
vealed that experimental data showed a good agreement with the P2

models of Prasher et al. [65] and Liu et al. [64], represented with 180 [ 4S.S 0.4 5\ 06

Egs. (26) and (27). Liu et al. [64] performed an experimental in- f=— < oL _ 1) (i) (29)

vestigation on the augmentation of Nu varying Re in the range of Re mdy St

(60-800). The study was conducted on the square shaped pin-fin N

heat sink with de-ionized water as a coolant. The researchers no- 1 Z |:|Uexp- - Upred-|:| (30)
j=1

. . . . . . Mean Absolute Error = MAE = —
ticed an increase in Nu with the increase in Re and proposed a N Uexp.

model on the basis of experimental results to predict the average

Nu. Prasher et al. [65] analyzed the hydrothermal performance of where df,S;, S, Prs,hy, dh, he,n, Upreq, Uexp, and N are sym-
staggered circular and square shaped pin-fins heat sink in the LFR bolized the hydraulic diameter of fin, longitudinal pitch, transverse
(Re = 40 — 1000). The work was done by varying the flow of water pitch, Prandtl number at the surface, fin height, channel clearance,

10
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Fig. 8. Comparison of experimental friction factor values with the estimated values of Gunther and Shaw [67] correlation.

St

Fig. 9. Clarification of the channel clearance, longitudinal and transverse pitch (channel top and side view).

height of channel, number of pin-fin rows, predicted quantity, ex-
perimental quantity, and number of data points, respectively. Fig. 9
illustrates the channel clearance with a magnifying view, while the
top view clarifies the longitudinal and transverse pitch.

5.2. Nusselt number

As shown in Fig. 10, the Nusselt number acquired to be im-
proved with increasing flow or Reynolds number and heating
power of water. The same trend was observed for the cases of
all hybrid nanofluids (25:75, 50:50, 75:25). It was revealed that
the nanofluid having mixture ratio of 50:50 delivered better re-
sults than others at all heating powers as shown in Fig. 11. Ther-
mal conductivity of ferric oxide is higher than that of silica that is
the reason of this enhancement in heat transfer rate for the mix-
ture ratio of 50:50. In addition, it was revealed that mixture ratio
having more than 50% ferric oxide showed diminution in results.
Minimum enhancement in Nusselt number was observed for hy-
brid nanofluid (Fe;05-SiO,) having mixture ratio of (75:25). It may
be due to stability issues, larger particle size and density values of
Fe,03 nanoparticles which made the particles suspension nonuni-
form. The size of nanoparticles contributed well to the variation of

n

heat transfer rate of working fluid [68]. The size of SiO, nanopar-
ticles that is 20nm, almost half size of the particles of ferric oxide.
According to the results, the augmentation and diminution of Nus-
selt number depend upon the individual particle advantages and
disadvantages trade-off.

Fig. 11(d) provides the graphical illustration of average enhance-
ment in Nusselt number in comparison of water. The maximum
improvement in Nusselt number was found at 75W, followed by
100W and 125W. Some of the recent studies also observed the
same effect [69,70] and stated that it was due to the particle’s in-
stability in fluid, with the increase in heating power fluid tempera-
ture raised which subsequently deteriorated the effect of surfactant
and caused the instability of suspended nanoparticles.

5.3. Wall temperature

As anticipated, the nanoparticle suspension increased the rate
of heat transfer between the coolant (water or nanofluid) and the
sink wall, resulting in a decrease in wall temperature compared
to the base fluid. The noticeable diminution in wall temperature
was observed at all mixture ratios and a decreasing trend with Re.
Maximum Nu was found for the fluid having an equal percentage
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Fig. 10. Variation of Nusselt number of distilled water against Reynolds number at different heating powers.
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Fig. 12. Variation in average wall temperature against Reynolds number for water and hybrid nanofluid at different heating powers.

of nanofluid (50:50), thus the wall temperature for this mixture
ratio was minimal.

The interaction between the particles and with the walls
of heat sink caused the augmentation of heat transfer and re-
duction in wall temperature for the case of nanofluid. Fig. 12
demonstrated the wall temperature variation for water and dif-
ferent hybrid nanofluid at 75 W, 100 W, and 125 W, respec-
tively. In addition, the average wall temperatures of water and
nanofluid at different heating powers are graphically illustrated
in Fig. 12(d).

5.4. Thermal resistance

Thermal resistance of hybrid nanofluid was found to be re-
duced as the rate of heat transfer increased with the suspen-
sion of metallic oxide nanoparticles—thermal resistance and heat
transfer rate interrelated with each other inversely. So, the same
trend was observed for thermal resistance as the Nusselt num-
ber but in a reversed manner. The nanofluid having equal per-
centages of ferric oxide and silica showed the least thermal resis-
tance in comparison of other mixture ratios. Fig. 13 represented
the variation in thermal resistance of water and hybrid nanoflu-
ids having different mixture ratios at 75 W, 100 W, and 125 W,
respectively.

Fig. 13(d) provides the graphical illustration of the minimal
thermal resistance values obtained at maximum Reynolds number
for water and hybrid nanofluids having mixture ratios of (25:75,
50:50, 75:25) at different heating powers. The minimum values
of thermal resistance were found at 75 W due to the maxi-
mum enhancement of Nusselt number followed by 100 W and
125 W.

13

5.5. Pumping power

The size and density of particles significantly affected the
pumping power. Investigators observed an enhancement in viscos-
ity of fluid with the suspension of nanoparticles [71,72]. The influ-
ence of particle size on the viscosity of nanofluid is inconclusive,
some studies observed an enhancement in viscosity of nanofluid
with the increase in particles diameter [73-75], while few reported
contradictory results [76,77]. As expected, a noticeable increase in
PP was observed with the increase in Reynolds number and the
addition of nanoparticles for all studied mixture ratios, graphically
represented with Fig. 14(a). A slight decrease in pumping power
was also observed increasing the heating power, Fig. 14(b). In ad-
dition, increasing the percentage of silica nanofluid resulted in a
slight increase in pumping power. Higher viscosity due to a smaller
size and greater number of particles of SiO, at a particular concen-
tration than that of Fe,03 could be the possible reasons for this
increase in pumping power [78]. Little variation in pumping power
was observed in comparison of nanofluids because the other fac-
tors such as the larger particle size of ferric oxide (almost two
times greater), greater density values, and stability also influenced
the results. However, the effect may be different for the combina-
tion of ferric oxide with other nanoparticles.

5.6. Repeatability

Repeatability is important in experimental studies conducted on
nanofluids to ensure stability and reliability, it was observed that
after a certain time, the sedimentation of nanoparticles began that
caused the diminution in Nu and augmented the pumping power.
Authors tested the prepared samples of ferric oxide-silica hybrid
nanofluid after 12h and compared the results with the study car-
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Fig. 13. Diminution of thermal resistance for water and nanofluid (Fe,03-SiO,) with Reynolds number at different heating powers.

ried out just after the sonication and stirring. According to the re-
sults, the repeated data were very close to the experimental values
acquired just after preparation that ensured the stability of pre-
pared samples, as shown in Fig. 15. Results showed good repeata-
bility with a maximum deviation of 1.02% and 1.58% for pumping
power and Nu.

5.7. Comparison of results

The sole purpose of comparing the experimental results with
different geometrical configurations is to highlight the significance
of airfoil shaped pin-fins as it has been observed that airfoil
shaped pin-fin offered excellent effective surface providing less
flow resistance. As expected, the presented study offered remark-
able results. In comparison of most of the recently studied geo-
metrical configurations, the geometrical configuration investigated
in current study exhibited a better rate of heat transfer with a little
penalty of pressure drop. Figs. 16 and 17 graphically illustrate the
pressure drop and average Nusselt number comparison of the ori-
ented airfoil pin-fin geometrical configuration with different sink
configurations. Azizi et al. [79] experimentally examined the pres-
sure drop and heat transfer variation inside a cylindrically shaped
mini channel heat sink having hydraulic diameter 560 pum. The
study was carried out by varying the Re in the LFR (Re < 900). Ac-
cording to the results, a significant increase in pressure drop and
heat transfer coefficient was found with the increase in Reynolds
number.

Esmaili et al. [80] studied the effect of rib angles (30°, 45°,
60°, 90°) on the hydrothermal performance of rectangular shaped
micro-ribbed (height = 100 pm) heat sink in the LFR (184 < Re <

14

1800). It was found that the angled ribs delivered the better results
while heat sink with 45° rib angle showed best thermal perfor-
mance among all tested geometries. However, pressure drop was
found to enhance in the following sequence (45°>30°>60°>90°).
According to Hassani et al. [81], the heat transport characteristics
of heat sink can be augmented with the insertion of interruptions.
Investigators analyzed the effect of seven different types of inter-
ruptions in fluid flow channels and observed a significant improve-
ment in heat transfer with a small pumping power penalty. A max-
imum of 10% reduction in fin surface temperature was observed at
a Reynolds number of 900.

Khoshvaght-Aliabadi et al. [82] evaluated the hydraulic and
thermal performance of sinusoidal, trapezoidal, and triangular
shaped plate-pin fin and plate fin corrugated miniature heat sink
varying Reynolds number (100-900). It was observed that the heat
sink having plate-pin fin showed better thermal performance and
less pressure loss compared to plate fin heat sink. The study
conducted by Ahammed et al. [83] on multiport mini-channel
heat sink observed an increase in pressure drop with increased
Reynolds number. Arshad and Ali [55] observed the variation of
pressure drop with heating power in a rectangular shaped mini-
channel heat sink. The results showed a significant decrease in the
pressure drop with an increase in the heating power. A diminu-
tion of almost 11.35% in pressure drop was found by increasing the
heating power from 100W to 150W. Ali and Arshad [84]| compiled
an experimental study to analyze the effect of fins positioning on
the thermal characteristics of square shaped pin-fin heat sink. Ac-
cording to the results, staggered pin-fin geometrical configuration
showed a better heat transfer rate in comparison of inline configu-
ration. Khoshvaght-Aliabadi et al. [85] examined the MCHS having
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Fig. 14. Pumping power variation of (a) different fluids at same heating powers, (b) each fluid at various heating powers, against the Reynolds number.

different nook configurations (circular, triangular, and rectangular).
It was observed that non-flat nooks sink configurations showed
better thermal performance with a little penalty of pressure
drop.

According to Xia et al. [86], the addition of ribs in straight
channels significantly enhanced the Nusselt number. Chai et al.
[87] studied the interrupted channel and interrupted channel in
combination with ribs. Interestingly, it was found that for Reynolds
number below 600, the heat sink having interrupted channel in
combination with ribs showed better results, while for Re > 600
channels without ribs exhibited better Nusselt number. Sajid et al.
[69] studied the wavy-shaped mini-channel heat sink varying the
channel wavelength, channel width, and flowrate. Investigators
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observed a notable effect of channel width and wavelength on
heat transfer rate, while the effect of channel width was found
to be more significant than that of channel width. Ambreen and
Kim [88] numerically analyzed the square, circular, and hexago-
nal shaped pin-fin heat sinks under identical flow conditions. The
results revealed that the circular shaped pin fins exhibited bet-
ter heat transfer characteristics, followed by geometric configura-
tions of hexagonal and square shape. According to the investiga-
tors, it was because of the delayed separation of flowing fluid at
the rear end that caused the uniform flow distribution. The study
conducted by Sui et al. [89] observed that the sinusoidal shaped
mini-channel heat sink offered much better heat transfer as com-
pared to straight channels. In addition, the penalty of pressure
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drop was also found to be much smaller than that of heat transfer
augmentation.

6. Concluding remarks and future recommendations

The presented study experimentally studied the hydrothermal
performance of staggered oriented pin-fin heat sink employing the
novel hybrid nanofluid of ferric oxide-silica/water with different
mixture ratios (25:75, 50:50, 75:25). The results were analyzed at
various flow rates and heating powers. On the basis of obtained
results, the following deductions were made:

e Commendable results were observed with the implementa-
tion of hybrid nanofluids of (Fe,03-Si0,/water) having different
mixture ratios (25:75, 50:50, 75:25). Enhancement in Nusselt
number and pumping power was obtained at all mixture ratios,
however, the impact of different mixture ratios was different on
the results.

o Hybrid nanofluid of (Fe,03-SiO,) with equal volume fraction
was found to be the best of all mixing ratios studied. Maximum
augmentation of 15.52%, 17.65%, and 14.3% in Nusselt number
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to

for the mixture ratios of 25:75, 50:50, and 75:25 was achieved
at 75W.

The Nusselt number was found to increase with the Reynolds
number, while a slight decrease was observed with the increase
in heating power.

In comparison to water, all hybrid nanofluid samples exhibited
a considerable enhancement in pumping power. Furthermore,
it was revealed that the pumping power increased with the sil-
ica nanofluid mixing ratio. The other important factor observed
during the experimental study concerned the improvement of
pumping power with flow rate. It was noticed that as the flow
rate increased, the enhancement in pumping power between
the nanofluids with different mixture ratios increased.

The key findings of this experimental work will be beneficial
advance towards the highly efficient heat sinks for electronic

cooling or to use in different application areas. Researchers have
much to do in this arena, including:

Investigate the hydrothermal performance with different uni-
tary and hybrid nanofluids and draw a comparative study to
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find out the one that suits best for heat sink having airfoil pin
fins.

It would be a significant contribution to develop empirical cor-
relation of Nusselt number and friction factor for airfoil fin heat
sink considering peripheral area of pin fins, longitudinal and
transverse distance between fins, fins orientation, fin height,
hydraulic diameter, Prandtl number, and Reynolds number.
Alterations in geometrical configurations such that fins posi-
tioning and orientation could be very helpful to augment the
heat transfer rate offering a slight increase in pumping power.
Presented study was conducted at lower particle concentration
due to the stability issues, these configurations may perform
differently (either improve or deteriorate the balance of thermal
and hydrodynamic performance) at high concentrations >0.1
vol.%.

The penalty of pumping power and flow resistance can be re-
duced by coating the channels with hydrophobic and superhy-
drophobic materials, however, it is effective at lower pumping
power [90,91].
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