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Efficient heat removal with less pressure drop is the focal point of research work in 
the field of thermal management systems. This research work is aimed to analyze 
inline square pin fin mini channel heat sink with superhydrophobic coating. The 
SiO2 aqueous nanofluids with 0.01% and 0.02% volumetric concentration are used 
as heat transfer fluid. Data is attained at steady-state with a power input of 40 W,  
55 W, and 70 W, flow rate of 300-700 ml per minute, and Reynolds number ranging 
from 400-1230. The test rig is authenticated by matching data of distilled water 
for a simple pin fin heat sink with the theoretical model of Tullius which matched 
the data well. Superhydrophobic mini channel heat sink gave a better performance 
with 25.23%, 21.8%, and 23.38% augmentation in Nusselt number and 33.19%, 
30.5%, 31.1% reduction in pressure drop for distilled water, SiO2 (0.01%) and SiO2 
(0.02%), respectively, as compared to the conventional pin fin mini channel heat 
sink. The nutshell of this experimental work is magnification in heat transfer with 
a reduction in pressure drop. 
Keywords: pin fin, superhydrophobic, heat transfer, pressure drop, mini channel

Introduction 

The fast technological growth in the near past has compelled researchers to find ef-
ficient and smart heat removal techniques. Safe and consistent working of all electronics and 
other automatized devices depends upon an efficient cooling system. The conventional ways 
of heat removal and heat transfer fluids (HTF) cannot overcome the problems and, therefore, 
advanced systems with better thermal management are the utmost requirement of the miniatur-
ized systems. The confined thermophysical properties of conventional HTF offer a barrier and 
the researchers are obligated to find the other way out. Maxwell [1] used microscale particles to 
enhance the thermophysical properties of the base fluids. These particles suffered the problem 
of agglomeration and limitations in micro-sized channels. Choi and Eastman [2] introduced 
nanoparticles and resolved the issue of agglomeration. Since then, nanofluids are reviewed by 
different researchers [3-6] regarding their fabrication, stability, and usage.
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Nanoparticles of different natures like metal particles, metal oxide, graphite, diamond, 
simple and coated carbon nanotubes, etc. are generally used for the synthesis of nanofluids [7, 
8]. In the recent past, a lot of numerical and experimental work has been carried out to analyze 
the thermal capabilities of mono and hybrid nanofluids [9] in mini and micro-channels [10-14]. 
Experimental analysis of aqueous alumina nanofluid is performed by Nguyen et al. [15] with 
different particle sizes and concluded that nanoparticles with smaller sizes performed well. CuO 
and water nanofluid is investigated by Selvakumar and Suresh [16] and recorded a 20% rise in 
heat transfer with an increase in pressure losses. Nanofluids have also been recommended for use 
in low to medium-temperature solar collectors [17] and reflectors [18] to enhance heat transfer. 

Pressure drop variation in micro-channels is based on the viscosity of nanofluids 
which is dependent on the gap between the surfaces [19]. Jang et al. [20] and Chevalier et al. 
[21] have studied these effects with the conclusion that micro-channels are responsible for high 
shearing rate

	
( )shearing rate  v

x
γ =

where v is the velocity and x – the distance between the high and low speed layer which is 
smaller in micro-channels and give rise to higher shear rate. Shear stress increases with the 
rise in shearing rate as shown in fig. 3 by Nghe et al. [22]. A collision between particles occurs 
due to unequal velocities in different strata under the shearing motions which affect the instan-
taneous viscosity of the fluid in the micro-channel. Based on these facts, it is concluded by 
Chevalier et al. [21] that micro-channels cause a high shear rate which affects the viscosity of 
nanofluids due to enhanced shear motion collision. 

Ijam and Saidur [23] studied SiC-water and TiO2-water nanofluids using a mini 
channel heat sink (MnCHS) and noted 12.44% and 9.99% turn-wise enhancement in thermal 
conductivity. A Micro-channel heat sink with staggered square pin fin geometry using water 
was studied by Liu et al. [24] and an increase in heat transfer with the penalty of pressure 
drop is recorded. Besides the use of mini/micro-channels and nanofluids, superhydrophobic 
surfaces can also be a good introduction the field of thermal management. In this regard, 
surfaces are modified to make them either superhydrophobic with a contact angle greater 
than 150o or superhydrophilic having a contact angle less than 10o [25-27]. Modification 
techniques are developed for a series of materials like Cu [28], Al [29], Mg [30], Si [31], and 
Au [32], etc. In the past, superhydrophobic surfaces have been used in the area of anti-icing 
[33], drag reduction [25], self-cleaning [34] and increase in resistance against corrosion [30], 
etc. but single-phase heat transfer in a MnCHS with superhydrophobic surfaces has rarely 
been addressed. 

Keeping in view the available literature, it is concluded that the hydrothermal perfor-
mance of superhydrophobic MnCHS and especially with square pin fin geometry has not been 
evaluated so far. Therefore, this research is focused on the hydrothermal performance compar-
ison of superhydrophobic inline square pin fin MnCHS with conventional inline square pin fin 
MnCHS using the same working parameters and working fluids.

Methodology

Experimental test rig

The experimental set-up, used in this research, is photographically shown in fig. 1. It com-
prises a reservoir to accumulate the HTF, a high pressure DC pump (China), a precise needle 
valve (3 RE-02 IPH, Japan), a flow meter (FS-3, Regal Japan), a radiator (Thermaltake TT-1225 
China), filter (Pakistan), inline square pin fin MnCHS (IST California), three cartridge heaters, 
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each of 200 W (Pakistan), six thermocouples (5TC-K1-24-2M, Omega USA), a differential 
pressure transducer (YOKOGAWA, Japan), variable power supply (6657A Keysight USA), ), 
controlled output DC power supply (U8032A Keysight, USA), Data logger (Agilent USA), and 
a Desktop computer.

Figure 1. Experimental set-up

A high pressure DC pump (China) is used to pass HTF through the experimental 
loop. A precise needle valve is used to regulate and control the flow. The volumetric flow rate 
is recorded with the help of a flow meter and through physical measurement using a precise 
flask before and after starting of each experiment. The inlet temperature is controlled through 
a double fan radiator. Also, a micron-sized filter is used in the loop before the inlet of the heat 
sink to avoid any foreign particles from entering the mini channels.

An accurately calibrated differential pressure transducer is installed in the loop be-
tween the inlet and outlet of MnCHS to measure pressure losses of HTF during flow through 
the MnCHS. The high and low pressure ports of the transducer are connected to the inflow and 
outflow ports of MnCHS correspondingly. The MnCHS are made of copper having twelve rows 
of inline square pin fins with cross-sectional area of one mm as shown in fig. 2. 

Figure 2. Detailed drawing of inline square pin fin MnCHS
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A total of six thermocouples i.e. one at the inlet, one at the outlet, and four at  
2.87 mm from the base of the channels, are installed to measure the temperature. These ther-
mocouples are connected to the data logger. The inlet, outlet, and wall base temperatures are 
recorded after every five seconds at steady flow. 

The pressure drop of HTF, during flow through MnCHS, is recorded through a differ-
ential pressure transmitter with an accuracy of 0.1 mbar. Three cartridge heaters are inserted in 
the heat sink to provide uniform heat to the heat sink. These heaters are connected to a variable 
DC power supply. The HTF was transferred to the reservoir after passing through the pin fin 
MnCHS.

Synthesis of nanofluid 

Nanofluid is one of the most essential element of experimental analysis. The SiO2 
aqueous nanofluids with 0.01% and 0.02% volumetric concentration are synthesized by two-
step technique [35, 36]. The SiO2 nanoparticles (diameter = 20 nm) were procured from Nano-
Structured and Amorphous Material USA. Nanofluid was homogenized with the help of a ho-
mogenizer (IKA T50 D Germany) for 1-1/2 hours. Maxtrix, DAIHAN Scientific USA stirrer 
has been used to stir nanofluid for two hours to break the clusters. The nanofluids were ul-

tra-sonicated for six hours using a sonication 
bath (WUC-A22H DAIHAN Sci. Korea) for 
stable suspension of nanoparticles. The elec-
trical conductivity of nanofluidswas assessed 
with the help of Danver Intr.-250 USA, be-
fore and after usage, to check stability of the 
nanofluid. Electrical conductivity remained the 
same i.e. 8.8 µS/cm which confirmed stability 
of the nanofluid. Also, visual inspection was 
carried out after 24 hours of sonication and no 
sedimentation of particles was visualized, as 
shown in fig. 3.

Superhydrophobic coating 

The main focus of the present research 
work is to analyze the hydrothermal perfor-
mance of inline square pin fin superhydrophobic 
MnCHS using distilled water and SiO2 aqueous 
nanofluids with 0.01% and 0.02% concentra-
tions and compare the results with conventional 
(without coating) MnCHS. Two numbers of in-
line square pin fin copper MnCHS were manu-
factured with the help of a computer numerical 
control milling machine. One MnCHS was sent 
to Integrated Surface Technology (IST) Cali-
fornia, USA for superhydrophobic coating as 
shown in fig. 4. The IST has used the Modified 
Repellix-2 technique for the required super hy-
drophobic coating with a contact angle of 167° 
and a coating thickness of 60-100 nm. 

Figure 3. The SiO2 nanofluid (a) after sonication  
and (b) after 24 hours

Figure 4. Superhydrophobic square  
pin fin MnCHS
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Thermophysical properties measurement

The basic thermophysical properties of nanofluids like volume fraction of nanofluids/
nanoparticles, density, viscosity, and thermal conductivity are calculated using mathematical 
equations.

The volume fraction of nanoparticles, φ, is found:

( )
np bf

np np np bf1

w

w w

ρ
ϕ

ρ ρ
=
 − + 

(1)

where wnp is weight and ρnp is the density of the nanoparticles.
Evaluation of nanofluid density, ρnf:

( )nf np bf1ρ ϕρ ϕ ρ= + − (2)
The nanofluid viscosity, µnf, is calculated with the help of Corcione [37]:

bf
nf 0.3

np 1.03

bf
1 34.87

d
d

µ
µ
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−
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 

−  
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where dnp is the diameter of the nanoparticle and dbf – the diameter of the distilled water mole-
cule (base fluid) and is found:

b

1/3

bf
f

60.1 Md
N ρ

 
=  π 

(4)

where M = 18 g/mole (Molecular weight of water) and N = Avogadro number (6.02⋅1023). 
Hamilton and Cross model [38] is used to find out thermal conductivity of nanofluid, 

Knf:
( ) ( ) ( )

( ) ( )
np bf bf nfnf

bf np bf bf nf

 1 1  
 1
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ϕ
ϕ

 + − − − −
=  

+ − + −  
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where n = 3/ψ and ψ represents sphericity of nanoparticle. 
The Cp,nf (specific heat capacity) of nanofluid is assessed: 

( )np ,np bf ,bf
,nf

nf nf

1p p
p

C C
C

ϕρ ϕ ρ
ρ ρ

−
= + (6)

Measurement of convective heat transfer 

Rate of heat transfer, Q, by nanofluid:
( )out inpQ mC T T= − (7)

Thermal efficacy of HTF and heat sink is linked with HTC which is assessed:
( )
( )

out in

es

pmC T T
h

A LMTD
−

=


(8)

The Aeff is the effective area of the MnCHS and is evaluated:
( )eff ch s f ch2A N L h w= + (9)

where Nch = Number of channels = 12.
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The LMTD (Log mean temperature difference) is determined:
( ) ( )

( )
( )

w in w out

w in

w out
ln

T T T T
LMTD

T T
T T

− − −
=

−
−

(10)

where Tw is measured at 2.85 mm below the channel base, Hw. It may be estimated by Fourier’s 
law, assuming that heat transfer between thermocouples and sink is 1-D:

w
w thc

s w

QH
T T

K A
 

= −  
 

(11)

Equation (12) is used to assess the value of Nusselt number, Nu, whereas eq. (13) is 
used to calculate hydraulic diameter, dh, of the channels:

hNu hd
k

= (12)

cc
h

f cc

4
2

A
d

h w
=

+
(13)

The values calculated from the experimental data are compared with the values pre-
dicted by the correlation of Tullius [39]:

f f f f

0.2 0.2 0.25 0.4 0.25
0.6 0.36f h

h h h h s

PrNu 0.0937 1 Re Pr
Pr

tL
f

SS h d
d d d d

         
       = +                  

(14)

Thermal resistance, Rth, anticipates thermal efficacy of the sink and HTF, and is evaluated:

th cc
LMTDR A

Q
 

=  
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(15)

Pressure drop and pumping power

Pressure drop, ΔP, is recorded using a differential pressure transducer. It may be cal-
culated:

2

h 2
mVLP f

D
ρ 

∆ =   
 

(16)

Experimental data is compared with Steinke and Kandlikar [40] correlation given:

( )
( )

( ) 2
eff

2
h

2 Re
2

f VL k x V
P

d

µ ρ
∆ = + (17)

where k(x) is the

	
( )app FD

h
Hagenbach factor 4xf f

d
= −

The required pumping power is evaluated:

pP V P= ∆ (18)
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Results and discussion

Validation 

The experimental test rig is developed locally and validated by matching experimen-
tal data with the data assessed through the theoretical models. In this connection, results are 
recorded for distilled water at 40 W using conventional straight MnCHS. These results are 
compared with the theoretical model of Tullius et al. [39] for Nusselt number and Steinke and 
Kandlikar [40] for pressure drop as shown in figs. 5(a) and 5(b), respectively. It is noted that 
both the data followed the same trend and experimental results matched the theoretical models 
well with a maximum deviation of 6.9% for Nusselt number and 7.5% for pressure drop. 

Figure 5. Experimental data of water theoretical model; (a) [39] for Nu— and (b) [40] for ΔP

Superhydrophobic vs. conventional mini channel heat sink

Effect of Super hydrophobic coating on Nusselt number

Experimental results are plotted against the Reynolds number as shown in fig. 6 for 
water and figs 8(a)-8(c) for SiO2. The plots show that the Nusselt number is reliant on mass-
flow rate and rises with the rise in Reynolds number for all the nanofluids and both types of 
heat sinks. Power input has affected the Nuesselt number significantly. In the case of water, the 
Reynolds number does not change with an increase in power input at the same mass-flow rate 
as viscosity remains the same. Super-hydrophobic MnCHS gave 25.23%, 21.8%, and 23.38% 
greater Nusselt number than conventional MnCHS for distilled water, SiO2 (0.01%) and SiO2 
(0.02%) nanofluids, respectively. The escalation in thermal performance is due to repelling 
property of superhydrophobic surfaces. The repellence enhances shear-thinning [41] and de-
molishes the thermal boundary-layer referred to as the heat transfer barrier. Therefore, fresh 
layers of working fluids get more opportunities to come in contact with the heated surface re-
sulting in greater convectional heat transfer. The churning effect and Brownian motion are also 
contributing to enhance Nusselt number. 

Effect of superhydrophobic coating on pressure drop 

The experimental pressure drop values are plotted against Reynolds number for water 
and SiO2 with 0.01% and 0.02% volumetric concentration as shown in figs. 7 and 9(a)-9(c). 
Pressure drop is amplified with the rise in mass-flow rate for all the fluids and both types of 
the MnCHS. Pressure drop does not vary with the power input because the viscosity of all the 
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working fluids is not significantly affected due to the very small concentration. Keeping in view 
the main focus of this research, the results, shown in. Figures 7 and 9(a)-9(c) illustrate that 
superhydrophobic coating has a tremendous effect on pressure drop and pumping power and a 
reduction of 33.19%, 30.5%, 31.1% in pressure drop and pumping power is noted for superhy-
drophobic MnCHS as compared to conventional MnCHS for distilled water, SiO2 (0.01%) and 
SiO2 (0.02%) nanofluids accordingly at the same Reynolds number. 

Figure 8. The Nu vs. Re 
of SiO2; (a) Q = 40 W,  
(b) Q = 55 W, and  
(c) Q = 70 W

     
	      Figure 6. The Nu vs. Re of water 			   Figure 7. The ∆P vs. Re of water
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The decline in pressure drop using super hydrophobic MnCHS is due to the hydro-
phobicity of the surfaces. It decreases surface drag, friction, velocity gradient, and entry effect. 
It produces greater slip length. A slip length of more than 200 µ is noted by Choi et al. [42]. 
Secondly, the shear thinning of fluids may generate a heterogeneous layer near the solid surface 
which causes greater apparent slip [41].

      
	     Figure 10. The Rth vs. Re of water 		        Figure 11. The LMTD vs. Re of water

Figure 9. The ∆P vs. Re 
of SiO2; (a) Q = 40 W,  
(b) Q = 55 W, and  
(c) Q = 70 W
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Effect of superhydrophobic coating on thermal resistance

Experimental data of thermal resistance for both types of MnCHS and all HTF are 
plotted against the Reynolds number as shown in fig. 10 for water and figs. 12(a)-12(c) for SiO2. 
Thermal resistance dwindles with amplification in Reynolds number, as expected, and rises 
with the increase in power input. Nanofluids gave better performance than distilled water at the 
same Reynolds number for both types of MnCHS. Superhydrophobic MnCHS appeared as a 
good performer than the conventional one with an edge of 20.09%, 17.9%, and 18.9% lower Rth 
for water, SiO2 (0.01%), and SiO2 (0.02%) nanofluids turnwise. 

In the case of superhydrophobic surfaces, the thermal boundary-layer is either reduced 
to a minimum value or demolished. Therefore, fresh currents of fluid are given more chances to 
touch the heated surface and enhance the cooling of the surface. This causes amplified thermal 
performance and produces shear-thinning which reduces thermal resistance.

Effect of superhydrophobic coating on LMTD 

The LMTD predicts the thermal performance of a system. It is based on wall base 
temperature and thermal resistance. In this experimental work, wall base temperature and Rth 
are reduced by introducing superhydrophobic coating on the active surfaces of MnCHS. Fig-
ures 11 and 13(a)-13(c) are plotted between the experimental values of LMTD and Reynolds 
number for water and SiO2 correspondingly. The graphs depict that LMTD decreases with an 
increase in Reynolds number based on the natural phenomenon. 

 
 

Figure 12. The Rth vs. Re of 
SiO2; (a) Q = 40 W,  
(b) Q = 55 W, and (c) Q = 70 W
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Figure 13. The LMTD vs. Re 
of SiO2; (a) 40 W, (b) 55 W, 
and (c) 70 W

The superhydrophobic coating has a tremendous effect on LMTD and it is decreased 
by 20.92% for water, 18.09% for SiO2 (0.01%), and 19.39% for SiO2 (0.02%) nanofluids as 
compared to conventional MnCHS.

The LMTD is reduced due to enhanced convectional heat transfer caused by superhy-
drophobic surfaces.

Conclusions

Results are compiled with the following conclusions.
yy Superhydrophobic mini channel heat sink performed exclusively better than the conven-

tional one with an edge of 25.23%, 21.8%, and 23.38% augmentation in Nusselt number for 
distilled water, SiO2 (0.01%), and SiO2 (0.02%) nanofluids, respectively at the same working 
parameters. 

yy Pressure drop for the superhydrophobic MnCHS is recorded to be 33.19%, 30.5%, and 
31.1% lower than the conventional MnCHS for distilled water, SiO2 (0.01%) and SiO2 
(0.02%) nanofluids, respectively. 

yy Thermal resistance of superhydrophobic MnCHS is noted as 20.09% for distilled water, 
17.9% for SiO2 (0.01%) and 18.9% for SiO2 (0.02) nanofluids lower than conventional 
MnCHS with 0.024oC as the minimum value of thermal resitance for SiO2 (0.02%) nano-
fluid. 

yy The LMTD of superhydrophobic MnCHS is charted as 20.92%, 18.09%, 19.39% lower than 
the conventional MnCHS for distilled water, SiO2 (0.01%) and SiO2 (0.02%) nanofluids, 
respectively. The lowest LMTD value of 1.04oC is noted for SiO2 (0.02%). 
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yy The overall hydro-thermal performance of the superhydrophobic inline square pin fin mini 
channel heat sink has been fabulous with amplified heat transfer and reduced pressure drop.

Nomenclature
Cp	 – specific heat, [Jkg–1°C–1]
Dh	 – hydraulic diameter, [m]
dh	 – clearance of the channel, [m]
f	 – friction factor
h	 – co-efficient of convective heat  

transfer, [Wm–2 °C–1]
hb	 – base thickness of heat sink, [m]
hf	 – fin height, [m]
Hw	 – distance from sink base to the  

thermocouple, [m]
L	 – length of the heat sink, [m]
ṁ	 – mass-flow rate, [kgs–1]
Nch	 – number of channels
n	 – empirical shape factor
Nu	 – Nusselt number
∆P	 – pressure drop, [mbar]
P	 – perimeter, [m]
Rth	 – thermal resistance
wc	 – channel width, [mm]
wf	 – fin width, [mm]

Greek symbols	

α	 – mini channel aspect ratio
µ 	 – viscosity, [kg(ms–1)–1]	
φ	 – volume fraction
ρ	 – density, [kgm–3]
ψ	 – particle roundness

Subscripts	

cc	 – channel cross-section
cf	 – fin cross-section
f	 – fin
nf	 – nanofluid
ch	 – channel
np	 – nanoparticle
r	 – room temperature
tc	 – thermocouple
w	 – wall
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