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Summary

Thermal and pressure drop aspects of a minichannel heat sink have been investi-

gated experimentally using distilled water as base fluid with alumina, graphene

and alumina-graphene hybrid composition at 0.01% volume concentration. The

reasons to select alumina-graphene as a potential nanomaterials combination for

hybrid nanofluids are as: (i) thermal conductivity enhancement and (ii) to inves-

tigate the effect of morphology (shape and size of nanoparticles). Alumina

(Al2O3) is oxide and has spherical shape whereas graphene is allotrope of carbon

and has platelet shape. To examine the effect of different nanoparticles (in terms

of shape, size and properties) dispersed hybrid nanofluid on hydrothermal

bahaviour is an interesting study. Effects of Reynolds number (80-450), flow rate

(0.1-0.5 L/min) and fluid inlet temperature (20-40�C) are studied. The effects of

uniform heat flux of 50 and 66.7 W/cm2 on hydrothermal behaviour of a

minichannel are also examined. The increment in convective heat transfer coeffi-

cient (HTC) is 30.93% at 30�C with graphene/water composition nanofluid than

water base fluid. A penalty of 23.82% has been observed in pressure drop with

graphene/water nanofluid over base fluid. As inlet temperature increases,

Nusselt number (Nu) increases while adverse effect is found in case of friction

factor. Performance evaluation criteria (PEC) has been observed more than 1 for

all nanofluids and hybrid nanofluids, which ensured that nanofluids act as a bet-

ter electronic cooling agent than water. Al2O3 + graphene hybrid nanofluid

delivers optimum comparison factor (HTC to pressure drop ratio) and lower

entropy generation rate among used working fluids. Graphene/water nanofluid

yields less comparison factor compared to other working fluids irrespective of

high HTC. h/Δp is favourable for nanofluid of unlike particles of hybrid compo-

sition (in terms of particle size, properties and shape) as compared to mono

nanofluid and hybrid nanofluid having similar particles.
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1 | INTRODUCTION

Energy systems such as motors, microelectronic applica-
tions, batteries, micro reactors, etc., required an effective
cooling system due to miniaturisation. Very high heat
fluxes can be removed easily using a micro/minichannel
heat sink installation.1,2 Thus, for optimal performance
of a miniature component, its thermal management is
necessary and methods for heat transfer improvement
classified mainly as active, passive and hybrid tech-
niques.3-6 External energy (mechanical, surface vibration
and electrostatic fields) comes under active techniques. A
disturbed flow was created by incorporating rough and
extended surfaces, swirl and unconventional fluids is part
of the passive method. Meanwhile, a combined active
and passive techniques cumulatively called as compound
or hybrid method. Complicated design limits application
of compound method. Furthermore, from literature, pas-
sive technique performs better in heat transfer enhance-
ment compared to other two available techniques.4,5 The
miniaturised heat exchanger is a feasible option for a
decade due to its capability to preserve materials, space
constraints and efficient cooling. Due to this, mini-
aturised heat exchanger is able to transmit more heat
compared to an ordinary heat exchanger. The micro-
channel heat sink (MCHS) has been the subject of
numerous investigations in recent decades due to its per-
formance.7-10 Due to higher energy density requirements,
better thermophysical characteristics of cooling agent is
necessary to release the excess energy. Therefore,
nanofluid and hybrid composition nanofluid have come
as alternative fluid due to their better thermos-hydraulic
attributes.11,12 In the literature, it is available that hybrid
nanofluid possesses superior thermo-hydraulic perfor-
mance than mono nanofluid.13 The researchers have paid
attention to alumina, which is the most common metal
oxide nanoparticle. It has lower cost, higher heat transfer
coefficient (HTC), better stability and availability to com-
pare increased pumping power.14 On the other hand,
graphene nanoparticle holds better heat conductivity and
high specific surface area, leading to improved heat trans-
fer. Thus, for the same of heat transfer scale, less demand
for heat transfer fluid and pumping power is needed.15

Therefore, alumina and graphene combination may be
the best candidate in hybrid nanofluid for mini/micro-
channel heat sink (MCHS).

In the literature, various investigations on mini/
microchannel heat sink (MCHS) are available for
thermo-hydraulic characteristics using nanofluid experi-
mentally and numerically.15-22 However, few literatures
are there on MCHS thermos-hydraulic performance
using hybrid nanofluid as a cooling agent. Ho et al23-25

performed experimental analysis of MCHS with water

based hybrid nanofluid. They revealed that at higher
Reynolds number, Al2O3/water nanofluid performs better
than the Al2O3 + MEPCM hybrid-based nanofluid.
Authors also reveal that the flow rate is a critical parame-
ter for the cooling effectiveness of the nanofluid and
claimed an optimum data under which suspension sys-
tem performs appreciably better than mono-particle
based nanofluid due to synergistic influence of the Al2O3

and PCM suspension both. An enhancement of 12.61%
and 24.35% was observed by Selvakumar and Suresh26 for
pumping power and heat transfer coefficient in
minichannel, respectively. Ahammed et al27 reported an
enhancement of 63.13% in convective coefficient in a
minichannel using graphene-alumina hybrid nanofluid.
Hussien et al28 performed an experimental analysis on
microtubes passage using a coolant MWCNTs/GNPs
hybrid composition nanofluids and revealed a net 58%
improvement in heat transfer coefficient. They29 also
studied Al2O3 + graphene hybrid nanofluid flow through
minitubes, numerically. The optimum increment of
13.7% was found in HTC for Al2O3 + graphene hybrid
composition nanofluid over Al2O3/water nanofluid.
Nimmagadda and Venkatasubbaiah30 performed an
experimental study in microchannel using Al2O3 + Ag
hybrid composition nanofluid and claimed that
nanoparticles fraction increment resulted in Nusselt
number enhancement. CNT/Fe3O4 hybrid nanofluid, at
low fraction Fe3O4, showed a peak point value of total
entropy generation within a minichannel heat
exchanger.31 The numerical investigations for different
configured microchannel heat sink in laminar regime32,33

using graphene-Ag hybrid nanofluid showed that
nanofluid results in a better cooling agent than water.
Figure of merit is always more than 1.5 in chaotic twisted
minichannel with hybrid nanofluid composed of
graphene and platinum.34 Shahsavar et al35 investigated
a double pipe minichannel with coolant as Fe3O4/CNT/
water hybrid composition nanofluid and numerically
studied fluid behaviour as newtonian and non-Newto-
nian. They also studied the hydrothermal behaviour of
fluid in the minichannel and found that Newtonian
hybrid composition nanofluid has better effectiveness,
overall HTC and heat transfer rate than non-Newtonian
hybrid nanofluid. Uysal et al36 selected a Fe3O4-dia-
mond/water hybrid composition nanofluid used in a flat
tube type minichannel and numerically presented that
hybrid composition nanofluid has elevated convection
HTC and Nusselt number than mono nanoparticles used.
Ho et al37 investigated experimentally on nano-encapsul
phase change materials (NEPCMs) in MCHS. They dis-
covered that NECPMs-particles show high performance
up to 70%. Kumar and Sarkar38,39 experimentally ana-
lyzed thermohydraulic performance and also effect of
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coolant inlet temperature in a minichannel heat sink and
suggested that coolant entry temperature has significant
heat transfer improvement of a heat sink. Nanofluid as
heat transfer medium utilise in several application as in
compact heat exchanger, solar applications, micro pas-
sages and channels for heat transfer enhancement.40-43

Also, nanofluid rheological behaviour as a Newtonian
and two phase non-Newtonian is well explored and its
impact on flow boiling application has been ana-
lyzed.44-47 However, there are very few literatures avail-
able on graphene/water and Al2O3-graphene/water
hybrid nanofluids working as coolants in MCHS, but no
literature available to examined the effect of fluid inlet
temperature and heat flux on thermo-hydraulic charac-
teristic of a minichannel heat sink using Al2O3-graphene
composed hybrid nanofluid on a single platform. It is
very necessary to study the relative influence of HTC and
pressure drop (ie, comparison factor)48,49 for overall
cooling performance of the heat sink and it is not avail-
able in previous literature of Al2O3-graphene hybrid
nanofluid.

Hence, based on the research gap, this experimental
study aim is to analyze the performance of minichannel
heat sink (MCHS) using different nanofluids at different
Reynolds number (flow rates), heat flux and inlet temper-
ature. The effects of Reynolds number, entrance tempera-
ture and heat flux were examined on the thermal
characteristics (CHTC, non-dimensional parameter
Nusselt number) and pressure reduction parameters
(drop in pressure, friction factor). Consequent influence
of HTC and pressure drop have been analyzed for various
working medium fluids at different Reynolds number.

Performance evaluation criteria (PEC) and net entropy
generation rate impact on various working coolants are
also presented in the paper.

2 | METHODOLOGY

2.1 | Experimental facility

The fluid flow circulation loop and the experimental
setup are illustrated in Figures 1 and 2, respectively. The
test section can be easily engaged and disengaged. Detail
dimensional description of the test section is given in Ref-
erence 38. The heat sink is made up of nine minichannels
measuring 30 mm in length, 3 mm in height and 1 mm
in width. The picture and layout of a minichannel heat
sink are shown in Figure 3. On bottom of the heat sink,
three cartridge heater of maximum power 150 W has
been applied to provide constant heat fluxes of 50 and
66.67 W/cm2. To restrict heat loss from heat sink to sur-
rounding, insulation is used and data acquisition system
used to record the data. Dimension values of ±0.02 mm,
temperature of ±0.1�C, drop in pressure of ±0.25% flow
rates of ±0.5% and heating power sources of ±0.25%
uncertainties.

The experiments were performed with distilled water,
Al2O3/water, graphene/water nanofluid and Al2O3-
graphene/water (50:50, v/v) hybrid nanofluid. A pump
was used to proper supply of coolants at different entrance
temperatures successfully at 20�C, 30�C and 40�C condi-
tions from the tank. The heat power was provided to the
system after constant flow rate has been maintained. Two

FIGURE 1 Schematic of desired

work38
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different heat flux 50 and 66.7 W/cm2 were considered for
the present study. Five thermocouples were located at dif-
ferent positions (four thermocouples at the minichannel
corners and immediate one at core centre) of heat sink at
bottom to calculate the surface temperature (Ttc). The

parameters (flow rate of nanofluid, bottom heat flux and
nanofluid inlet temperature) were kept unvaried for each
measurement. However, after 40-45 minutes, a steady-
state condition was reached, with very minor temperature
fluctuations (�0.0002�C/h). As a result, the temperature
was expected to be constant throughout the procedure and
no need to compensate the effect of response time delay of
thermocouples. By averaging of five readings, surface tem-
perature of heat sink (Ttc) is obtained. Average surface
temperature measured during the experiment was in the
range of 65.4�C to 52.3�C. As the flow rate increased,
the temperature of base of heat sink reduced.

2.2 | Nanofluids preparation

Water-based nanofluids and Al2O3-graphene hybrid
nanofluid were prepared using two-step method. Alu-
mina nanoparticles (45 nm) and graphene nanoplates
(thickness: 7 nm, diameter: 5-10 μm) were purchased
by Alfa Aesar, USA and Otto Chemie Pvt. Ltd., respec-
tively. To prepare nanofluids, calculated amount of
Al2O3 and graphene nanoparticles were measured by
an weighing machine (SHIMADZU, ATX224, Japan)
and suspended in distilled water. An ultrasonic device
was used for 7 hours to disrupt the cells and homoge-
nise the colloidal solution with no surfactant. The sta-
bility of prepared nanofluids was observed for more
than 3 days.

FIGURE 2 Experimental setup of

the present study38

FIGURE 3 Actual and schematic image of minichannel heat

sink39
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The obtained range of pH value is in the range of
7.83-7.86 taken from the different locations of a given
sample of nanofluids. To ensure stability and uniformity
of the prepared solution, isoelectric point was analyzed
and pH of the solution remained away from the stated
isoelectric point (IEP).50 As there is strong repulsive force
among the particles, better stability and uniformity is
attained for nanofluids having pH value far off from IEP.
The same given samples were used to measure the viscos-
ity and density of nanofluids. No significant difference
was obtained in the viscosity and density of all samples.
A 99% degree of homogeneity was assured on the basis of
measured properties for a given sample of nanofluids.

2.3 | Thermo-physical properties of
nanofluids

Table 1 shows the thermophysical characteristics of
working fluids at 30�C. Nanofluids and water properties
were measured using various equipment. Thermal prop-
erties mainly fluid conductivity and specific heat capacity
were measure out from a Hot disk instrument. Before
data collection, the instrument was well calibrated and
rehearsed three times. Viscosity of samples were measure
out using an LVDV-II + Pro Brookfield digital viscome-
ter. Density was estimated by ratio of mass upon volume
after determining mass by digital weighing machine and
volume by measuring container. Heat capacity (ρcp)
value was measured directly from the hot disk analyser
of TPS-500 version and the heat capacity was determined
using ratio of ρcp to ρ.

2.4 | Data analysis

Heat transfer rate in MCHS is calculated by,

Q
: ¼V

:
ρcp Tout�Tinð Þ ð1Þ

The average heat transfer coefficient was defined by,

h¼ Q
:

A LMTDð Þ ð2Þ

where LMTD defines the change in wall temperature and
fluid average temperature. It is given by,20,51

LMTD¼ Tw�Tinð Þ� Tw�Toutð Þ
ln Tw�Tinð Þ

Tw�Toutð Þ
� � ð3Þ

Tw represents the channel wall temperature. It is
measured by 1D heat transfer in a minichannel planes
and thermocouples. It is calculated as,51

Tw ¼Ttc� Q
:

hw
ksAb

 !
ð4Þ

where Ttc is the average of five thermocouples tempera-
ture which are inserted at the bottom of the minichannel
to measure temperature. hw is the separation length of
thermocouple and heat sink wall surface, which is 6 mm.
ks is the thermal conductivity of material of heat sink.
Heat sink is of aluminium material having thermal con-
ductivity of 235 W/m2 K. Ab is the base area, which is cal-
culated as,

Ab ¼WL ð5Þ

where W and L are consequent width and length of the
design minichannel heat sink. The effective area (A) for
heat transfer is given by,

A¼N wchþ2ηfinhch
� �

Lch ð6Þ

where ηfin is fin efficiency and iterative method is used to
find out the fin efficiency using Equations (7) and (8).52

ηfin ¼
tanh mhchð Þ

mhch
ð7Þ

m¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h= kswfin
� �q

ð8Þ

Hydraulic diameter (dh) of minichannel is calcu-
lated as,

dh ¼ 2wchhch
wchþhch

ð9Þ

TABLE 1 Properties of distilled

water and various nanofluid at

temperature (30�C)

Different fluid k (W/m K) ρ (kg/m3) cp (J/kg K) μ (Pa s)

Distilled water 0.6171 997.4 4182.5 0.00092

Al2O3/water 0.6175 998.8 4181.0 0.00093

Al2O3 + graphene (50:50)/water 0.6181 998.6 4180.9 0.00098

Graphene/water 0.6194 998.3 4180.7 0.00104

KUMAR ET AL. 5



Thus, the Nusselt number is determined by,

Nu¼ hdh
k

ð10Þ

Mean fluid velocity um is defined as,

um ¼ V
:

Nwchhch
ð11Þ

The Reynolds number is calculated as,

Re¼ ρumdh
μ

ð12Þ

The friction factor is calculated as,

f ¼ 2dhΔp
Lchρu2m

ð13Þ

The comparison factor, J, which is a ratio of HTC to Δp,
is used to investigate the combined effect of HTC and Δp
owing to the application of nanoparticles.48 It is given by,

J ¼ h
Δp

ð14Þ

Performance evaluation criteria (PEC) is calcu-
lated as,39

PEC¼ Nunf =Nubf

f nf =f bf
� �1=3 ð15Þ

Consider the heat sink as a thermal system. Fluid
flow process in the thermal systems consists of mainly
two types of irreversibility due to heat transfer mecha-
nism and pressure drop. Net entropy generation rate
within the minichannel is determined using entropy bal-
ance method in control volume of thermal system.53

SinþdSgenþ dQ
:

Ts

 !
¼ Sout ð16aÞ

where Sin, Sout, Ts and Sgen are the entropy inlet, entropy
outlet, surface temperature and entropy generation in the
system, respectively.

dSgen ¼ Sout�Sinð Þ� dQ
:

Ts

 !
ð16bÞ

dQ
:

¼m
:
cpdT ð17Þ

By considering the working fluid as incompressible
fluid (ie, the density of working fluid constant) and all other
properties constant throughout the process. Equation (16b)
is converted for a control volume and given as,

S
:

out
� S

:

in
¼
ð
m
:

cp
dT
T

� dp
ρT

� �
¼
ð
d S

:

gen
þ
ð
δQ

:

Ts
ð18Þ

In Equation (18), Ts is defined as the heat sink's sur-
face temperature, which is measured by thermocouples
and after steady-state condition so, Ts is assumed as con-
stant. By Integration Equation (18) between inlet and
outlet of the heat sink, the total entropy generation rate
is calculated as follows,54

Sgen ¼m
:

cpln
Tout

Tin

� �
� pout�pinð Þ

ρTm

	 

� m

:
cp Tout�Tinð Þ

Ts

� �
ð19Þ

Sgen ¼m
:

cpln
Tout

Tin

� �
þ Δp
ρTm

	 

� Q

:

Ts

 !
ð20Þ

where Tm represents mean temperature and determined
by Tm ¼ TinþToutð Þ=2.

2.5 | Uncertainty evaluation

Uncertainty of the different variables has been evaluated
by available equation given by Kline and McClintock.55

Equation consists R which is a function of independent
parameters X1, X2, X3,…Xn, while W1, W2, W3,….,Wn are
related uncertainties. Uncertainty of dependent variables
as HTC, Q, f, etc., is W. Uncertainty values evaluated of
respective variables are shown in Table 2.

W ¼ ∂R
∂X1

W1

� �2

þ ∂R
∂X2

W2

� �2

þ ::…………… ∂R
∂Xn

Wn

� �2
" #1=2

ð21Þ

3 | VALIDATION

Experimental test section run has been verified and its
reliability justification has been done by research work.38

Also, the data for conventional fluid (water) has been
shown in the research paper. For the validation part, the
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Nusselt number determined experimentally was com-
pared from the existing correlations for Nusselt number
determined by different authors.38 In Figure 4, the experi-
mental friction factor for MCHS with DI water is com-
pared to the available literature correlations.56-58 Except
for the variance at low Reynolds numbers, the experi-
mental results of friction factor matched the available
correlation of Jiang et al56 the best. When Re > 190, there
is no substantial variance. This deviation is due to some
reasons as mismatch in geometry, aspects and situations
that were used to build correlations.

4 | RESULTS AND DISCUSSIONS

4.1 | Effects on heat transfer
performance

Figure 5 demonstrates the impact of Reynolds number on
HTC with the working fluids applied at 30�C. Also, heat
flux and entrance temperature dependency on HTC have
been plotted in Figure 6 at particular flow rate of 0.3 L/
min (equivalent to Re 250) for different working fluids.
The Reynolds number for nanofluid is different from the
Reynolds number for water in Figures 5, 7, and 9, etc. As
defined in Equation (12), Reynolds number is directly pro-
portional to density and inversely proportional to dynamic
viscosity. The variation is due to change in the properties

(density and dynamic viscosity) of nanofluids after
suspending the nanoparticles. So, the variation in Reyn-
olds number is coming due to change in properties in case
of nanofluids. The constant temperature is maintained at
the entrance of the MCHS by using constant temperature
bath (chiller). In the figures, results have been presented
for various working fluids as Al2O3/water, graphene/water
and hybrid nanofluid Al2O3 + graphene/water synthe-
sized for total volume concentration of 0.01%.

The figure reveals that HTC rises with increases in
Reynolds number. The diminishing in thermal boundary
thickness, nanoparticles Brownian motion, thermal con-
ductivity rise, thermophoresis effect and the effect of
nano-fins contribute to enhancement in HTC.14,59 Also,

TABLE 2 The uncertainties of the measured experimental

variables

Variables Uncertainty values (%)

Q
:
(W) ± 2.86

A (m2) ± 1.3

dh (m) ± 1.02

V
:
(L/min) ± 0.5

um (m/s) ± 0.77

Δp (Pa) ± 0.25

k (W/m K) ± 2.0

μ (Pa/s) ± 2.0

ρ (kg/m3) ± 2.0

cp (J/kg K) ± 2.0

HTC, h (W/m2 K) ± 2.9

f ± 2.69

Re ± 3.1

PEC ± 5.57

Nu ± 3.82

h/Δp ± 3.12

FIGURE 4 Comparisons of friction factor

FIGURE 5 Heat transfer coefficient variation with Re for

different fluids (Tin = 30�C)
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another effect is the particles' mobility, which is due to
their small size and may result in micro-convection
around particles in fluid and hence greater heat transmis-
sion through the nanofluids within minichannel. Many
authors claimed micro-convection in nanofluids and the
positive effect of micro-convection on heat transfer.60

The boundary layer may be diminished due to decreased
viscosity caused by higher temperature. Thermal bound-
ary layer reduction improvises heat transfer coefficient at
the same temperature change. Surface area to volume of
the nanoparticles is more which transports the heat
transfer within the medium rapidly. The HTC is aug-
mented on graphene particles addition. The highest value
of HTC was exhibited by graphene/water nanofluid of
5656.33 W/m2 K. The maximum enhancement was calcu-
lated nearly 30.93% for 0.01 vol% graphene based
nanofluid. This is due to very high heat conductivity and
high specific surface area to volume ratio of graphene
nanoparticles.15 It exhibits from Figure 6 that fluid inlet
temperature and heat flux have a significant influence on
HTC at 0.3 L/min. An increment in the range of 3.9%-
6.8% found for heat transfer coefficient with all working
fluid when temperature increases from 20�C to 40�C. At
elevated temperature, heat transfer enhancement was
significant due to better nanofluids thermal properties.
However, heat transfer coefficient enhancement depen-
dency on fluid inlet temperature stated in previous litera-
ture.39 They also showed the same influence of nanofluid
entrance temperature on heat transfer coefficient. Thus,
thermal conductivity of working fluid becomes more sig-
nificant at larger temperatures. Whereas HTC increases

within the range of 1.9%-5.1%, when heat flux
increases from 50 to 66.7 W/cm2. The same impact of
heat fluxes on HTC is revealed in the literature.59 By
increasing the heat flux, the effect of entrance tempera-
ture is observed in Al2O3 + graphene/water hybrid
nanofluid but the impact of entrance temperature in
other two nanofluids is not witnessed at same fraction.
The reason to support this phenomenon is may be due to
low thermal conductivity of Al2O3/water nanofluid and
uncertainty in heat transfer coefficient.

The Nusselt number performance parameter varia-
tion with Reynolds number has depicted in Figure 7 for
different working fluids at inlet temperature of 30�C.
The occurrence of nanoparticles within the DI water
enhances the Nusselt number. The highest value of
Nusselt number is found to be 11.32 for graphene-based
nanofluid. An optimum augmentation of 28.46% is
observed for graphene-/water-based nanofluid than pri-
mary fluid at Re = 435.4. The main reason is that Reyn-
olds number is proportionate of inlet velocity. Higher
velocity leads to increased collision rate among particles
which raises the heat transfer rate and thus enhances
the Nusselt Number.47 Variation in temperature, heat
flux and its effect on Nusselt number has been shown
in Figure 8. As seen in the illustration, Nusselt number
increases with inlet temperature and heat flux. Once
the coolant entry temperature reaches to 40�C from
20�C, Nusselt number enhances from 3.6% to 7.1% for
all the coolants. The Nusselt number improved within
the range of 2.2%-5.8% when heat flux rises from 50 to
66.7 W/cm2.

FIGURE 6 Influence of various entrance temperature and heat

flux on heat transfer coefficient for different working fluids at

0.3 L/min

FIGURE 7 Nusselt number variation with Re for different

fluids (Tin = 30�C)
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4.2 | Effects on pressure drop
performance

Pressure drop variation with Reynolds number parameter
has been illustrated in Figure 9 for the minichannel. The
viscosity and density are the key factors for the rise in
pressure drop due to nanoparticles dispersion. The opti-
mum pressure drop was found 319.2 Pa for graphene/
water hybrid composed nanofluid. An increase of about
23.82% was observed for graphene-based hybrid composi-
tion than base fluid (DI water). Pressure drop reduction
at various entrance temperature and heat flux for cool-
ants have been depicted in Figure 10 at the coolant flow
rate of 0.3 L/min. Meanwhile, fluid entrance temperature
increment causes reduction in pressure change due to
drop in viscosity value with increased temperature. On
increment in temperature range from 20�C to 40�C, there
is reduction of pressure drop has been found in the range
of 11.56%-14.45% for all the working fluids. For the same
cross-section of the minichannel, pressure drop increases
as the Reynolds number (flow rate) increases. Also, from
Figure 9, it can be concluded that the points have more
divergence at the larger Reynolds number. To support
the trend, the difference in pressure drop between
Al2O3 + graphene/water hybrid nanofluid and DI water
is 13.3 Pa at the lowest Reynolds number (Re � 85).
However, this difference is about 53.62 Pa at the highest
Reynolds number (Re � 430) within studied range of
Reynolds number. It can be justified as a known fact that
rise in pressure drop depends upon the viscosity and
mass flux but mass flux predominates pressure drop at
elevated fluid flow rate. Meanwhile, drop in pressure

change occurs with increased heat flux. As heat flux
increases from 50 to 66.7 W/cm2, the decrement in pres-
sure drop occurred in the range of 1.8%–2.51% for all the
working fluids. But this decrement in pressure drop is
not significant.

Figure 11 illustrates the friction factor dependency on
Reynolds number for operated coolant fluids at 30�C of
entrance temperature. The impact of inlet temperature
and heat flux on friction factor has been shown in
Figure 12 for different nanofluids. The result reveals that
a reduced friction factor with Reynolds number incre-
ment due to combined impacts of decreasing the bound-
ary layer and mass velocity increment. Due to the

FIGURE 9 Pressure drop variation with Re (Tin =30�C)

FIGURE 10 Effect of different inlet temperature and heat flux

on pressure drop for different working fluids at 0.3 L/min

FIGURE 8 Influence of various entrance temperature and heat

flux on Nusselt number for various coolants at 0.3 L/min

KUMAR ET AL. 9



presence of small particles and its well dispersion into
the base fluid, the friction factor rises because of
increased viscosity and slip mechanism. At Re = 83.65,
the friction factor has maximum value of 1.51 for
graphene based nanofluid. The friction factor deviates
significantly at low Reynolds numbers, as shown in
Figure 11. And it is due to predominance of viscosity at
low Reynolds number. However, results also revealed
that graphene/water nanofluid composition nanofluid
has highest friction factor comparative to other coolants.
It is due to increase in viscosity by suspending graphene
nanoparticles which directly results in higher particle

surface area and rise in collision between them. Also, this
behaviour could be due to fastest boundary layer
diminishing of graphene nanofluid than other fluids. A
decrement in friction factor was observed with a rise in
entrance temperature but no significant change with
increase in heat flux. It can be illustrated in Figure 12.
Same trend has been represented by the friction factor as
pressure drop when the effect of inlet temperature and
heat flux have taken into account on friction factor.

4.3 | Relative effect on HTC and
pressure drop (ie, comparison factor)

Figure 13 represents the Reynolds number effects on the
thermo-fluid ratio, that is, comparison factor, which is
ratio of convective HTC and the pressure drop (h/Δp)
determined for all working fluids. The comparison factor
is used to investigate the combined effect of h and Δp
caused by nanoparticle application. Gao et al49 has
decided that what heat sink is overall best in perfor-
mance based on the comparative effect of h and Δp. It is
observed that this ratio has maximum value at low Reyn-
olds number due to HTC increases rapidly compared to
pressure drop. h/Δp ratio decreases with rising in Reyn-
olds number. Al2O3 + graphene/water hybrid nanofluid
has highest value for h/Δp ratio. h/Δp ratio is for
graphene/water nanofluid very less regardless of high
convective HTC. Even, h/Δp ratio is less for graphene/
water nanofluid as compared to Al2O3/water nanofluid.
The main reason is high drop in pressure because of the
high graphene nanoplates surface area. The curve for

FIGURE 11 Friction factor variation with Re for different

fluids (Tin = 30�C)

FIGURE 12 Friction factor variation with inlet temperature

and heat flux for nanofluids at 0.3 L/min

FIGURE 13 Comparison factor (h/Δp) with Re for different

fluids (Tin = 30�C)
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graphene/water nanofluid intercepts the curves of other
working fluids as a result of higher increment in pressure
drop when compared to heat transfer coefficient for
graphene/water nanofluid at high Reynolds number. So,
it can be claimed that hybrid composition nanofluids
having dissimilar particles in terms of shape, size and
properties have favourable comparison factor as com-
pared to mono nanofluids and hybrid nanofluid contains
similar nanoparticles.38,39

The impact of inlet temperature and heat flux on com-
parison factor (h/Δp) ratio has been represented in
Figure 14. From the figure, it has been shown that h/Δp
ratio hikes with rise in entrance temperature and heat
flux. The reason is that HTC increases and pressure drop
reduces when inlet temperature increases from 20�C to
40�C and heat flux increases 50 W/cm2 to 66.7 W/cm2. It
has been discussed above in the text. h/Δp ratio rises in
the range of 15.81% to 24.28% when temperature increases
from 20�C to 40�C for all working fluids. A maximum
enhancement of 24.28% in h/Δp ratio was found for
Al2O3 + graphene/water hybrid nanofluid. When heat
flux rises from 50 to 66.7 W/cm2, an enhancement in the
range of 3.5% to 9.47% has been observed for all working
fluids. From all the working fluids, Al2O3 + graphene/
water hybrid nanofluid has better comparison factor.

4.4 | Performance evaluation
criteria (PEC)

However, to estimate the thermal efficiency of
minichannel, the term PEC has been determined.

Influence of Reynolds number with PEC for various
working fluids has depicted in Figure 15. PEC value is
found greater than unity among the cases studied, which
indicates that using nanofluid can be considered a better
option to be used as coolant than water in MCHS. Also,
results revealed that HTC is predominant over enhance-
ment in the pressure drop. PEC first decreases and then
starts to rise on Reynolds number increment. Optimum
PEC value was observed to be 1.198 for graphene/water
nanofluid at Re = 420. Fluid entrance temperature and
heat fluxes effects have been represented in Figure 16 for
a volumetric flow rate of 0.3 L/min. PEC value is
decreased with inlet temperature but increased with the
heat flux. It can be justified by that friction factor ratio
(ratio of fnf and fbf) dominates over Nusselt number
ratio (ratio of Nunf and Nubf) when the temperature rises
from 20�C to 40�C, and show the opposite effect with
heat flux.

4.5 | Total entropy generation rate

Net rate of entropy generation variation with Reynolds
number is shown in Figure 17 for working fluids. As
expected, a rise in entropy generation found on rise in
Reynolds number. Optimum rate of entropy generation
found for graphene based nanofluid but at higher Reyn-
olds number growth becomes stagnant. When added the
nanoparticles in base fluid, the irreversibility due to fric-
tion increases as well as the Reynolds number tends to
increase the flow velocity which results in enhancing
irreversibility. Overall effect ensures rise in net entropy
generation rate with nanoparticles inclusion and also
with flow velocity increment except in the case of
Al2O3 + graphene/water hybrid composition nanofluid.

FIGURE 14 Effect of different inlet temperature and heat flux

on comparison factor (h/Δp) for different working fluids at
0.3 L/min FIGURE 15 PEC with Re for different nanofluids (Tin = 30�C)
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The curve of graphene/water nanofluid intercepts to the
curves of other working fluids. The reason to support is
that the irreversibility due to friction and heat transfer
is approximately same for Reynolds number more than
250. The effect of different entrance temperature and heat
flux on net rate of entropy generation for various working
fluids has been depicted in Figure 18. Entrance tempera-
ture has shown an adverse effect on rate of entropy gen-
eration. As the temperature increases from 20�C to 40�C,
thermal entropy raises while friction entropy reduces. So,
it can be claimed that the friction entropy generation
dominates over thermal entropy generation rate when

fluid inlet temperature increases from 20�C to 40�C. But
as the heat flux increases from 50 to 66.7 W/cm2, thermal
entropy generation dominates over friction entropy gen-
eration. So, from Figure 18, it can be shown that as the
heat flux increases from 50 to 66.7 W/cm2, the net rate of
entropy generation rises.

5 | CONCLUSIONS

In the current study, effects of fluid entrance tempera-
tures and various heat fluxes on thermo hydraulic perfor-
mance of a MCHS have been examined experimentally.
The experiment was conducted for different flow rates
(0.1-0.5 L/min), Reynolds number (80 < Re < 450), dif-
ferent entrance temperature (20�C-40�C) and heat flux of
50 and 66.7 W/cm2. The main outcomes of this study are
followed:

1. Increase in nanoparticle addition into the base fluid,
Reynolds number, fluid inlet temperature and heat
flux have major influence on Nusselt number (Nu)
and fluid heat transfer coefficient (h). Optimum
enhancement was observed to be 30.93% for
graphene/water nanofluid over base fluid, due to its
higher thermal conductivity. An improvement of
3.9%-6.8% occurred when fluid entrance temperature
raised from 20 to 40�C for all the coolants. Whereas,
h rises within the range of 1.9%-5.1%, when heat flux
rises from 50 to 66.7 W/cm2.

2. There was a penalty in terms of pressure drop and
pumping power by the suspension of nanoparticles

FIGURE 16 Effect of different inlet temperature and heat flux

on PEC for different nanofluids at 0.3 L/min

FIGURE 17 Total entropy generation rate with Re for

nanofluids (Tin = 30�C)

FIGURE 18 Effect of different inlet temperature and heat flux

on total entropy generation rate for different working fluids at

0.3 L/min

12 KUMAR ET AL.



due to increment in density and viscosity. Fluid inlet
temperature and heat flux both have negative conse-
quences on pressure drop. Pressure drop reduces with
fluid entrance temperature when it increases from
20�C to 40�C. Reynolds number has disadvantageous
impact on friction factor.

3. Al2O3 + graphene/water hybrid nanofluid yields max-
imum value of comparison factor (h/Δp) among all
other fluids used.

4. In all working conditions, PEC value is found greater
than unity. This indicates that using nanofluid can be
considered a better option as a coolant in MCHS.

5. Graphene/water nanofluid is superior in HTC
enhancement but has less comparison factor (h/Δp)
as compared to Al2O3 + graphene-based hybrid
nanofluid and Al2O3 nanofluid.

6. Hybrid nanofluid with different shape and size of
nanoparticles have favourable comparison factor (h/
Δp) compared to mono nanofluids and hybrid
nanofluid of similar particles.

7. The total rate of entropy generation is higher for
graphene/water nanofluid but at higher Reynolds
number it stagnated. Al2O3 + graphene/water hybrid
nanofluid has lower value of total entropy generation
rate among all other working fluids.
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NOMENCLATURE
Ab base area (m2)
A effective MCHS area for heat transfer (m2)
cp specific heat capacity (J/kg K)
dh hydraulic diameter (mm)
f friction factor
h convective heat coefficient (W/m2 K)
hch height of minichannel (mm)
J comparison factor (m/s K)
k thermal conductivity (W/m K)
V
:

volumetric coolant flow rate (L/min)
Nu Nusselt number
Δp pressure drop (Pa)
Pr Prandtl number
Q
:

heat transfer rate (W)
Re Reynolds number
T fluid temperature (�C)
u fluid velocity (m/s)
v,vol volume
W width of heat sink (mm)
L length of heat sink (mm)
wch width of channel (mm)

HTC heat transfer coefficient
IEP isoelectric point
Lch length of channel (mm)
MCHS minichannel heat sink
PCM phase change material
PEC performance evaluation criteria
Sgen total rate of entropy generation (W/K)
Ttc surface temperature
ks heat sink conductivity (W/m K)

GREEK SYMBOLS
μ fluid dynamic viscosity (Pa s)
ρ density of fluid (kg/m3)
Φ nanofluid volume concentration

SUBSCRIPTS
bf base fluid
ch channel
np nanoparticles
hnf hybrid nanofluid
in inlet
out outlet
w wall
m mean
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