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Abstract
This paper numerically investigates the effects of hybridization of water-based copper-alumina nanofluid on the thermal 
performance, pressure drop, and the figure of merit (FOM) inside a three-dimensional microchannel heat sink. The heat 
sink comprises a copper block with the top covered by a polycarbonate plastic (Lexan) to form a closed microchannel. A 
constant heat flux of 1.0 MW/m2 is applied at the base of the heat sink. The Reynolds number is varied between 400 and 
1200 for different volume concentrations of alumina and copper nanoparticles of 0.5–3.0% vol. Simulation in ANSYS Flu-
ent is performed with a two-phase Eulerian-Eulerian model using the finite volume approach to solve the conjugate heat 
transfer problem. Experimental validations of the numerical models are in very good agreement. Furthermore, the result 
shows that the higher the relative concentration of copper nanoparticles, the better the thermal enhancement and FOM of 
the hydridized nanofluid. For design and operational conditions, the maximum FOM favour the concentration of copper 
nanoparticle ≥ 0.75% for Re of 400 and < 0.75% vol. for Re of 1200.
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List of symbols
A	� Area (m2)
Cd	� Drag co-efficient (-)
Cp	� Specific heat capacity(J/kgK)
Dh	� Hydraulic diameter (m)
d	� Diameter (m)
Fd	� Drag force (Pa/m)
FVM	� Virtual mass (Pa/m)
Fcol	� Particle –particle interaction force (Pa/m)
Hch	� Channel height (�m)
hp,1	� Fluid –particle heat transfer co efficient (W/m2K)
K	� Thermal conductivity (W/m.K)
L	� Length (m)
Nu	� Nusselt number (-)
P	� Pressure (Pa)
qll	� Heat flux (W/m2)
Qh	� Volumetric rate of energy transfer (J/m3s)
Rth	� Thermal resistance(K/W)
Re	� Reynolds number (-)
T	� Temperature (K)
��⃗V 	� Velocity vector (m/s)
Wch	� Channel width (�m)

Greek symbols
Δ	� Difference
�	� Density (kg/m3)
�	� Volume fraction (-)
�	� Dynamic viscosity (kg/m s)
�	� Friction coefficient (kg/m3 s)
Φ	� Form factor

Subscripts
avg	� Average
b	� Base
B	� Bulk
I	� Inlet
P	� Particle
S	� Solid
f	� Fluid
w	� Wall
1	� Primary phase (pure water)
2	� Secondary phase (Alunima particles)
3	� Secondary phase (copper particles)

1  Introduction

Conventional fluids such as water, oils, refrigerants, and 
glycol, are used in heat exchange systems—power plants, 
refrigeration, air conditioning systems, chemical and ther-
mal processes, electronics, etc. However, their applications 
are becoming limited due to the current drive to design 
compact energy technologies with reduced weight and 
size and increased efficiency. In addition, aerospace, very 

high-temperature applications, and continued advance-
ment in technology increase heat flux and the need to 
remove enormous heat energy. The electronic industry 
is particularly faced with challenges relating to the cool-
ing of devices for better performance. Since conventional 
fluids will not give an adequate and efficient technologi-
cal solution, there is the need to take advantage of nano-
fluids because of the increased thermal performance and 
enhancement and lower pressure penalty.

In the last few decades, several studies have been con-
ducted on the properties of various nanofluids, thermal 
performance, and pressure drops in heat exchangers of 
macro, mini and micro scales. The focus of this current 
study will be limited to the application of hybrid nano-
fluids in microchannels. Numerous literatures have been 
reviewed on this subject by notable researchers in this 
regard (Al Shdaifat et al. 2020; Alihosseini et al. 2020; 
Rajiv and Sokhal 2020). Just a few related studies will be 
reviewed in this study.

After many years of research on the type of working 
fluid used to achieve optimal performance of the micro-
channels, nanofluids have shown better heat transfer abili-
ties. These nanofluids are the colloidal solution of nanome-
ter-sized particles called nanoparticles. The improvements 
in the thermal performance are due to the relative move-
ment between the base fluid and the suspended nanopar-
ticles (Pinto and Fiorelli 2016). The common types of 
base fluid used are water, oil and lubricant, bio-fluids, 
organic fluids (refrigerants, triethylene-glycols), and 
other conventional fluids. Different nanoparticles include 
carbon-based nanoparticles (graphite, carbon nanotubes, 
diamonds), ceramic nanoparticles (Oxides of Aluminium 
and copper), stable metal nanoparticles (copper, gold), and 
functionalized nanoparticles (Sarkar 2011). Oxide nano-
particles have been most adopted in electronic cooling. 
The resulting nanofluids from suspended nanoparticles 
can be divided into mono–nanofluids (same particles) 
and hybrid nanofluids (dissimilar and composites nano-
particles). A study on single-phase, steady, laminar con-
jugate heat transfer in a microchannel was carried out by 
Yildizeli and Cadirci (2020) with ANSYS Fluent. A multi-
objective optimization was conducted on the microchannel 
heat sink through a generic algorithm coded in MATLAB. 
The design variables included the channel width and chan-
nel height for the cross-section of the geometry, while the 
inlet Reynolds number was selected for the flow rate. They 
concluded that the optimal microchannel height ranged 
between 0.50 and 0.67 mm. Some researchers have inves-
tigated the thermophysical and rheological properties of 
mono and hybrid nanofluids (Suresh et al. 2011; Madhesh 
et al. 2014; Ambreen and Kim 2017; Madalina et al. 2018).

Water and Al2O3/water nanofluid were employed by Kumar 
and Kumar (2020) as a coolant in six circular channel heat 
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sinks for an electronic chip to investigate the heat transfer 
rate, surface temperature, power consumption, thermal resist-
ance, Nusselt number, and reliability of the microchannel 
heat sinks. They reported that the use of nanofluid increased 
the reliability, the Reynolds number, and decreased surface 
temperature, thermal resistance, and power consumption of 
the electronic chip. Hybrid nanofluids are produced by dis-
persing dissimilar nanoparticles in a complex state or mixture 
form. The main reason for hybrid nanofluids is to enhance 
the heat exchange rate and improve other specific attributes. 
Qu and Mudawar (2002) investigated experimentally and 
numerically both pressure drop and thermal performance of 
flow in a microchannel heat sink. A single-phase flow with 
deionized water as the cooling fluid and two heat flux levels 
of 100 and 200 W/cm2 were considered. The conjugate heat 
transfer problem was also analyzed numerically to account 
for the temperature distribution. Heat transfer characteristics 
at the microchannel bottom wall, sidewalls, and the top wall 
were investigated. They noted that the very low thermal con-
ductivity of the plastic cover of the microchannel results in 
the adiabatic nature at the top wall surface. The high value of 
heat flux and Nusselt number were recorded near the entrance 
for both the bottom wall and sidewall of the microchannel. An 
experimental and numerical investigation of the heat transfer 
and pressure drop of Al2O3/TiO2 hybrid nanofluid was done 
by Kumar and Sarkar (2019). They noted that the two-phase 
mixture model accurately predicted the experimental data than 
the single-phase homogenous approach. Al2O3 (10:0) hybrid 
nanofluid gave a thermal enhancement of 8.5% numerically 
and 12.8% experimentally. The pressure drop and friction 
factor rose as the volume fraction rose, but the temperature 
decreased. Kumar and Sarkar (2020) experimentally analyzed 
the hydrodynamic characteristics of a mini channel heat sink 
by considering different hybrid nanofluids. The different nan-
oparticle mixtures considered in the study included oxides-
oxides, oxides-carbides, oxides-nitrides, oxides-carbon nano-
tubes, and oxides-metals. It was reported that there was an 
enhancement in the heat transfer characteristics for all hybrid 
nanofluids. However, Al2O3-MWCNT hybrid nanofluid exhib-
ited the maximum enhancement and heat transfer effectiveness 
while Al2O3-AIN hybrid nanofluid had the maximum h/ΔP 
ratio. The maximum FOM was obtained for the nanofluids 
at the Reynolds number 345. Ataei et al. (2020) experimen-
tally investigated the heat transfer and flow characteristics of 
hybrid Al2O3/TiO2-water nanofluid in a mini channel heat 
sink with a hydraulic diameter of 2.0 mm. Constant heat flux 
boundary with 36 W was imposed at the bottom of the heat 
sink, and the Reynolds number varied between 400 and 1000 
for nanofluid of volume fraction of 0.5%. A convective heat 
transfer coefficient and pressure drop augmentations of 16.97 
and 29.54%, respectively, were obtained. Other studies on 

the effect of various parameters on the thermal and hydraulic 
characteristics of mono and hybrid nanofluids have been con-
sidered (Minea 2020; Selvakumar and Suresh 2012; Suresh 
et al. 2012; Snoussi et al. 2018; Shkarah et al. 2013; Labib 
et al. 2013).

On the two-phase modeling approach, Nimmagadda and 
Venkatasubbaiah (2017) investigated microchannel heat sink 
performance using pure water, hybrid nanofluid, and fluid 
hybridization. A two-phase mixture model that accounts for 
the conjugate heat transfer between the solid and fluid regions 
was developed to numerically estimate the heat transfer char-
acteristic. The flow and thermal characteristics of pure water, 
aluminum (Al), copper (Cu), single-walled carbon nanotube, 
and hybrid nanofluid (Al + Cu, water + methanol) at various 
Reynolds numbers and nanoparticle volume concentrations 
were studied. It was reported that there was a pronounced 
improvement in the average Nusselt number for both the pure 
nanofluids and the hybrid nanofluids. Kalteh et al. (2011) 
numerically analyzed a laminar convective heat transfer of Cu/
water nanofluid flowing inside an isothermally heated micro-
channel. An Eulerian two-phase model was adopted to simu-
late the flow and heat transfer characteristics. An insignificant 
relative velocity and temperature between the phases were 
observed. In another study, Kalteh et al. (2012) experimentally 
and numerically investigated a steady laminar convective heat 
transfer in a wide microchannel with alumina-water nanofluid 
as the cooling liquid. A single-phase homogeneous model and 
two-phase Eulerian-Eulerian approach were adopted. When 
compared, the two-phase flow result was observed to better 
agree with the experiment. Therefore, it was concluded that the 
two-phase flow modeling approach was more appropriate to 
analyse the nanofluid flow in the microchannel heat sink. Fard 
et al. (2010) reported that the average deviation between the 
experiment and the single-phase model was 16%, while for the 
two phases, methods it was 8%. Ghasemi et al. (2017), in their 
study on the significance of CuO nanoparticles in pure water 
on heat dissipation from the electronic components, noted 
that the result of the two-phase approach was better than the 
homogenous.

From the literature, different authors have successfully 
employed the mixture model theory to investigate the heat 
transfer characteristics of hybrid nanofluid in microchannels. 
To the best of the authors’ knowledge, limited numerical 
studies used ANSYS Fluent (two-phase Eulerian-Eulerian 
approach) to study the thermal and pressure drop charac-
teristics of hybrid nanofluid in a microchannel. Therefore, 
there is a need for more studies to understand hybrid nano-
fluids and the expansion of the numerical database. Most 
importantly, this paper emphasizes that the FOM gives better 
information for the operation and design of the microchan-
nel heat sink.



	 Microfluidics and Nanofluidics (2022) 26:49

1 3

49  Page 4 of 13

2 � Geometry description

The schematic diagram of a narrow microchannel unit-cell 
heat sink with the critical dimensions (Table 1) is shown in 
Fig. 1. It consists of both the fluid and solid computational 
regions. The lower part of the heat sink is made of copper 
block covered with polycarbonate plastic (Lexan). Three 
1.6 mm slots of height (H) are cut through the height of the 
copper block in other to provide a uniform heat flux distribu-
tion. The polycarbonate plastic cover and the copper block 
are treated as the computational solid region, while the fluid 
particle in the channel is treated as the computational fluid 
region. The hybrid nanofluid flows in the direction of the 
arrows through the channel.

3 � Governing equation

The present problem is a laminar, steady-state, incompress-
ible, and three-dimensional Eulerian-Eulerian two-phase 
flow. The solid and base fluid (pure water) have constant 
thermal properties except for viscosity, which varies with 
temperature. The geometric model consists of the primary 
phase (pure water) and two secondary phases (alumina and 
copper particles) with properties presented in Table 2. The 
conservation equations in Eulerian notation are as follows:

3.1 � Mass conservation equation

The mass conservation equation of the base fluid and nano-
particles are presented in Eqs. (1–3)

Primary phase (pure water)

where �1,�1 and ��⃗V1 are the density, volume concentration, 
and velocity vector of the primary phase, respectively.

Secondary phase (alumina particles)

where �2,�2 and ��⃗V2 are the density, volume concentration, 
and velocity vector of the secondary phase (alumina parti-
cle), respectively.

Secondary phase (copper particles)

(1)∇.
(
𝜌1𝛼1��⃗V1

)
= 0

(2)∇.
(
𝜌2𝛼2��⃗V2

)
= 0

where �3,�3 and ��⃗V3 are the density, volume concentration, 
and velocity vector of the secondary phase (Copper parti-
cles), respectively

3.2 � Momentum conservation equation

The momentum conservation equation of the base fluid and 
nanoparticles are presented in Eqs. (5–7)

Primary phase (pure water)

Secondary phase (alumina particles)

Secondary phase (copper particles)

where FVM , Fd and Fcol are the virtual mass, drag, and par-
ticle-to-particle interaction forces, respectively. However, 
according to Kalteh et al. (2011), the virtual mass and parti-
cle to particle interaction force have an insignificant effect on 
heat transfer characteristics (Nusselt number). Hence, only 
the drag force and convective heat transfer between the pri-
mary and secondary phases are considered. The particle-to-
particle heat transfer is neglected, and the gravitational and 
the lift forces attributable to the small size of the particles 
are also ignored.

The drag force between the primary phase and each sec-
ondary phase (alumina and copper particle) is calculated as

The drag coefficient by Wen and Yu (1966) and Rowe 
(1961) is given as.

(3)∇.
(
𝜌3𝛼3��⃗V3

)
= 0

(4)�1 + �2 + �3 = 1

(5)
∇.
(
𝜌1𝛼1��⃗V1

��⃗V1

)
= −𝛼1∇P + ∇.

[
𝛼1𝜇1

(
∇��⃗V1 + ∇��⃗V

T

1

)]
+ Fd + FVM

(6)
∇.

(
𝜌
2
𝛼
2
��⃗V
2
��⃗V
2

)
= − 𝛼

2
∇P + ∇.

[
𝛼
2
𝜇
2

(
∇��⃗V

2
+ ∇��⃗V

T

2

)]

− F
d
− F

VM
+ F

col

(7)
∇.

(
𝜌
3
𝛼
3
��⃗V
3
��⃗V
3

)
= − 𝛼

3
∇P + ∇.

[
𝛼
3
𝜇
3

(
∇��⃗V

3
+ ∇��⃗V

T

3

)]

− F
d
− F

VM
+ F

col

(8)Fd = −𝛽(��⃗V1 −
��⃗Vp)

Table 1   Geometry dimensions

HL (μm) Hch (μm) Hc (μm) w (μm) Wch (μm) Ww (μm) L (μm) H (μm) L1 (μm) L2 (μm) L3 (μm) L4 (μm)

12,700 713 5637 467 231 118 44.8 3175 5 11.588 11.588 11.588
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�p The form factor is considered as unity for a spherical 
particle.

where,

(9)

𝛽 =
3

4
Cd

𝛼1𝛼p

𝜑pdp
𝜌1
|
||
���⃗V1 −

���⃗Vp
|||
𝛼−2.65
1

Valid for two − phase flow 𝛼1 > 0.8

(10)Cd =

{
24

Rep

(
1 + 0.15Re0.687

p

)
Rep < 1000

0.44Rep ≥ 1000

(11)Rep =
𝛼1𝜌1

|||
��⃗V1 −

��⃗Vp
|||
dp

𝜇1

such that,
��⃗Vp, 𝛼p and Rep are equivalent to ��⃗V2,�2 and Re2 for the sec-

ondary phase alumina particles.
��⃗Vp, 𝛼p and Rep are equivalent to ��⃗V3,�3 and Re3 for the sec-

ondary phase copper particles.
The particle diameter ( dp = 40nm ) for both alumina and 

copper particles are equal.

3.3 � The energy conservation equation

The energy conservation equation, neglecting the viscous 
dissipation and radiation, is thus given in Eqs. (12–14).

Primary phase (pure water)

Secondary phase (alumina particles)

Secondary phase (copper particles)

(12)∇.
(
𝜌1𝛼1Cp1T1��⃗V1

)
= ∇.

(
𝛼1K1∇T1

)
− Qh

(13)∇.
(
𝜌2𝛼2Cp2T2��⃗V2

)
= ∇.

(
𝛼2K2∇T2

)
+ Qh

(14)∇.
(
𝜌3𝛼3Cp3T3��⃗V3

)
= ∇.

(
𝛼3K3∇T3

)
+ Qh

Fig. 1   Schematic diagram of the 
heat sink

H

ℎ
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ℎ
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Inlet

Outlet
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Z X

Table 2   Thermo-physical properties of pure water, copper and alu-
mina particles

Materials �(kg∕m3) Cp(J∕kg.K) k(W∕m.K) �(kg∕m.s)

Pure water 999.1 4184 0.5769 Tem-
perature 
depend-
ent

Alumina 3970 765 36 –
Copper particles 8933 385 400 –
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where Qh is the volumetric rate of energy transfer between 
the primary and each secondary phase (alumina and copper 
particles), and it is expressed as

Such that
hp,1 and Tp are equivalent to h2,1 and T2 for secondary 

phase—alumina particles.
hp,1 and Tp are equivalent to h3,1 and T3 for secondary 

phase—copper particles.
hp,1 is the fluid–particle convective heat transfer coeffi-

cient, calculated based on the Gunn (1978) model.

3.4 � The conservative energy equation for the solid 
wall domain

The heat conducted through the solid domain is expressed as

3.5 � Governing boundary conditions

The base fluid and the particulate phase are allowed to enter 
the channel with a uniform axial velocity at a temperature of 
15 ◦C, and the velocity is zero along all other solid bounda-
ries (no-slip condition) (Nimmagadda and Venkatasubbaiah 
2017; Shkarah et al. 2013). An outflow condition is con-
sidered at the outlet of the microchannel and the flow is 
assumed to be fully developed in other to compare the simu-
lation with the existing experimental result. For the ther-
mal boundary conditions, all the solid domain boundaries 
are considered adiabatic except for the bottom of the micro 
channel, which is subject to a constant heat flux of 1.0 MW/
m2. Convective heat transfer is assumed at the top of the 
channel with a heat transfer coefficient of 10 W/◦C.m2 at an 
ambient condition of 25 ◦C.

Mathematical expressions of the boundary conditions are 
listed below

Inlet condition

Outlet conditions

An ambient outflow condition was applied at the outlet

(15)Qh = hp,1

6�p

dp

(
Tp − T1

)

(16)Ks∇
2Ts = 0

(17)

Tf = Tin = 15
◦C for x = 0, Ww ≤ y ≤ Ww +Wch

and Hc ≤ Z ≤ Hc + Hch

(18)Vf = Vin (uniform axial velocity for both )

(base fluid and particulate phase)

Channel bottom (constant heat flux)

Heat sink top surface (convective condition)

where hc is the convective heat transfer coefficient and T∞ 
is the ambient temperature.
Interface condition

where n is the coordinate normal to the wall of the chan-
nel. kf  is the thermal conductivity of the fluid.

3.6 � Pressure drop deduction

Pressure drop across the microchannel was calculated from 
the difference between the upstream and downstream pres-
sure of the channel. The upstream and downstream pres-
sures, pin and pout are the area-weighted average pressure at 
the inlet and outlet obtained from the numerical simulation 
using ANSYS—Postprocessor.

where Δp is the pressure drop across the microchannel.

3.7 � Average Nusselt number definition

The average Nusselt number ( Nuavg ) of the flow field is 
dependent on the difference in temperature between the aver-
age wall temperature of the microchannel and the volume 
average (bulk) temperature of the mixture in the channel.

qll and Dh are the wall convective heat flux at the base area 
of the computational domain and hydraulic diameter of the 
microchannel. kf  is the thermal conductivity of the liquid as 
adopted by (Nimmagadda and Venkatasubbaiah 2017; Kalteh 
et al. 2012). However, in the Eulerian-Eulerian model, the 
mixture phase properties are calculated as the phase fraction 
weighted sum of the properties of each phase, that is:

(19)

�2Tf

�X2
= 0 for x = L, Ww ≤ y ≤ Ww +Wch and Hc ≤ Z ≤ Hc + Hch

(20)−ks
�Ts

�Z
= qii for 0 ≤ x ≤ L, 0 ≤ y ≤ W and Z = 0

(21)
−ks

�Ts

�Z
= hc

(
Ts − T∞

)
for 0 ≤ x ≤ L, 0 ≤ y ≤ W and Z = HT

(22)Ts = Tf

(23)−ks
TS

�n
= −kf

Tf

�n

(24)Hence Δp = pin − pout

(25)Nuavg =
qllDh

kf (Tw − TB)
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Mixture thermal conductivity = (Volume fraction of pri-
mary phase x thermal conductivity of primary phase) + (Vol-
ume fraction of secondary phase x thermal conductivity of 
secondary phase).

Tw and TB are the area-weighted average surface (wall) 
temperature of the microchannel and volume-weighted aver-
age temperature of the mixture obtained from the numerical 
simulation using the ANSYS- Postprocessor.

3.8 � Thermal resistance

The thermal resistance of the microchannel is defined as

where Ab is the base area of the heat sink subjected to the 
heat flux,Tmax is the maximum temperature at the base of 
the heat sink.

3.9 � Error analysis

The experimental and numerical results are compared using 
the average deviation (AD) and mean average deviation 
(MAD) as expressed in Eqs. (28) and (29)

Average deviation (AD):

Mean absolute deviation (MAD):

where N is the number of data points,�pred and �exp are the 
experimental and predicted parameters such as temperature, 
Nusselt number, and pressure drop for which the errors are 
obtained.

4 � Model validation

Some experimental results available in the literature are 
used to validate the credibility of the two-phase model 
developed in ANSYS. The comparison is made for both 
single-phase and two-phase models. For the single-phase 
model, the cooling liquid in the microchannel is water. 
The microchannel consists of solid and fluid regions. Con-
stant heat flux is applied at the bottom of the solid. The 
top of the channel is subjected to convective heat transfer, 

(26)Rth =
ΔT

qiiAb

(27)ΔT = Tmax − Tin

(28)AD =
1

N

N∑

1

[(
�pred − �exp

)
× 100%

�exp

]

(29)MAD =
1

N

N∑

1

ABS

[(
�pred − �exp

)
× 100%

�exp

]

while the adiabatic condition is applied to the remaining 
boundaries in the solid domain. Numerical results of the 
temperature difference and pressure drop are compared 
with the measured experimental results of Qu and Muda-
war (2002) in Figs. 2, 3, respectively. The two-phase Eule-
rian–Eulerian model is compared with the experimental 
results of Kalteh et al. (2012)—alumina/water, and Li 
and Xuan (2002)—copper/water hybrid for the Nusselt 
number in Fig. 4. The two phases are allowed to enter 
the microchannel with the same axial velocity, and the 
exit condition is assumed for both phases. A good agree-
ment is obtained between the numerical and experimental 
results. The error analyses used in the present study show 
that the average deviation (AD) and mean average devia-
tion (MAD) calculated for the temperature difference and 
pressure drop are -2.661 and 2.661 and -2.383 and 11.004, 
respectively (Table 3). The formulae used to calculate the 
AD and MAD can be found in Eqs. (28) and (29).

5 � Grid independence test

A Grid independence study is conducted using the base fluid 
(pure water) with a Reynolds number of 400 as the cooling 
liquid in the microchannel heat sink. The temperature differ-
ence between the channel inlet and outlet ( ΔT  ) is monitored 
to test the grid independence of the different mesh element 
sizes, as shown in Table 4. Various mesh element sizes 
between 520,295 and 1,522,049 are considered for this test 
until the criterion of ||

|
ΔTi−ΔTi−1

ΔTi

||
|
≤ 0.01 was satisfied. Element 

size 1,365,109 is thus considered for this study.

6 � Result and discussion

This section presents the results of the effects of nanopar-
ticle hybridization on the substrate temperatures, thermal 
resistance, Nusselt number, pressure drop, FOM, and wall 
temperature. For the simulation study, the Reynolds num-
ber is varied between 400 and 1200, and the nanoparticle 
concentration ranges between zero (pure water) and 3.0% 
volume with different combinations of the particles.

6.1 � Effect of hybridization of nanoparticles 
on the substrate temperature

The substrate temperature as a function of Reynolds number 
for different concentrations of the hybrid nanofluid and base 
fluid is presented in Fig. 5. The results show that the sub-
strate temperature decreases with an increase in the Reyn-
olds number. The following four mechanisms, among others, 
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drive heat removal from the substrate: thermal conductiv-
ity, axial conduction and reduction in the thermal boundary 
layer, and the migration diffusion of the nanoparticles in the 
suspension. The predominant mechanism controls the ability 
of the hybrid nanofluid to remove heat from the substrate 
hence lowering its temperature.

This indicates why the nanofluids give lower substrate 
temperature compared with the base fluid. It is noted that 
there is a 3.0% to 6.0% reduction in the substrate tempera-
ture for Re = 400. Lower substrate temperatures are noted 
for nanofluids with a high concentration of copper nanopar-
ticles. In addition, an increase in the composition of cop-
per nanoparticles increases the thermal conductivity of the 
suspension and the ability to remove heat faster and more 
efficiently. This is possibly why the lowest temperature is 
obtained for hybrid nanofluid with the highest concentration 
of copper nanoparticles.

6.2 � Effect of nanoparticle hybridization 
on the thermal resistance

Figure 6 shows the significance of nanoparticle hybridiza-
tion on the thermal resistance of the microchannel heat sink. 
Generally, as the Reynolds number increases, the resistance 
to heat flow from the heat source to the hybrid nanofluid 
decreases. The addition of nanoparticles reduces the thermal 
resistance due to the increase in the thermal conductivity 
and reduction of the thermal boundary layer etc. In their 
study, Kumar and Kumar (2020) reported this reduction in 
thermal resistance with increased nanofluid concentration. 
It has been shown that the increase in the concentration of 
copper nanoparticles increases the suspension's thermal con-
ductivity, hence reducing the thermal resistance. A 34.0% 
reduction in the thermal resistance is observed for the 1.5% 
vol. (0.2% Al2O3 + 1.3% Cu) for Re = 400 and 41.0% for 
Re = 1200.

Table 3   The statistical analyses 
of the validated data

S/N % Vol. composition AD MAD

Nusselt number
1 Kalteh et al. (2012) 0.1% alumina  – 0.812 0.812
2 Li and Xuan (2002) 1.5% Cu/water  – 0.860 2.038
3 Li and Xuan (2002) 1.0% Cu/water  – 0.604 1.193

Pressure drop
4 Qu and Mudawar (2002) Deionized water  – 2.383 11.004

Temperature difference
5 Qu and Mudawar (2002) Deionized water  – 2.661 2.661

[ - ]

∆
[ K

]

AD = -2.661

MAD = 2.661

Fig. 2   Comparison of the present study for temperature difference 
with the experimental result of Qu and Mudawar (2002)

∆
[k

N
m

-2
]

Re [ - ]

AD = -2.383

MAD = 11.004

Fig. 3   Comparison of the present study for pressure drop with the 
experimental result of Qu and Mudawar (2002)
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6.3 � Effect of nanoparticle hybridization 
on the average Nusselt number

The effect of hybridization on the Nusselt number is pre-
sented in Fig. 7. The result shows that the Nusselt number 

only increases slightly with an increase in the Reynolds 
number. Ataei et al. (2020) and Kumar and Sarkar (2019, 
2020), in their studies, obtained a more considerable 
increase in Nusselt number with an increase in Reynolds 
number. Hybrid nanofluids produce a higher Nusselt num-
ber relative to the base fluid. This can be attributed to the 
increased thermal conductivity, particle migration resulting 
from the Brownian diffusion, and the reduction in the ther-
mal boundary layer. Also, an increase in the volume concen-
tration of nanoparticles increases the nanofluid's inter-col-
lision frequency, hence the thermal performance. However, 
nanofluid with a relatively high volume of concentration 
of Cu nanoparticles produces higher thermal performance 
due to the relatively higher thermal conductivity compared 
with alumina and the superiority of the thermal conductivity 
to the inter-collision frequency of the nanoparticles in the 
nanofluid. This can explain why the hybrid nanofluid with 
1.5% vol. concentration though produces lower inter-colli-
sion frequency when compared with 3.0% vol. concentration 
but higher thermal performance.

The lowest Nusselt number is obtained for 0.5% vol., 
though it has a higher concentration of copper nanoparticles 
(0.3%) when compared with 0.2% vol. concentration in the 
3.0% hybrid nanofluid. This can be due to the nanoparti-
cles' lower average thermal conductivity and intercollision 
frequency.

6.4 � Effect of nanoparticle hybridization on pressure 
drop

Figure 8 presents the effect of hybridization on the pressure 
drop. The result reveals that pressure drop is significantly 

[ -
]

AD = -0.812

MAD = 0.812

Re [ - ]

a

b

Re [ - ]

[ -
]

Fig. 4   Comparison of the present study for Nusselt number with 
the experimental result of a Kalteh et al. (2012), and b Li and Xuan 
(2002)

Table 4   Grid independent test

Mesh element ΔT(k) ||
|
ΔTi−ΔTi−1

ΔTi

||
|

520,295 21.3179 –
880,088 22.6565 0.0591
1,073,654 23.4725 0.0348
1,365,109 23.6989 0.0095
1,522,049 23.8203 0.0051

[ − ]

K[erutarep
met

etartsbuS
]

Fig. 5   Effect of hybridization of nanoparticles on the substrate tem-
perature
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increased by increasing Reynolds number but less influ-
enced by the hybrid nanofluids relative to the base fluid. 
Irrespective of the volume concentration of the alumina-
copper hybrid nanofluid, the concentration of the copper 
nanoparticles significantly affects the pressure drop. Though 
for Kumar and Sarkar (2019) increase in TiO2 composition 
in the Al2O3/TiO2-water nanofluid does not significantly 
change the pressure drop due to the low particle volume 
fraction. Al2O3/MWCNT-DI water nanofluid gave the high-
est pressure drop with an enhancement of about 22% com-
pared to water (Kumar and Sarkar 2020), while Ataei et al. 
(2020) noted that Al2O3/TiO2-water reduced the pressure 
penalty compared with TiO2-water nanofluid. It has been 
shown that an increase in the composition/ concentration 

of copper nanoparticles in the present study increases the 
relative density and viscosity hence the pressure drop. An 
increase in the concentration of alumina seems to have a 
minimal effect on the pressure drop.

6.5 � Effect of nanoparticle hybridization on the FOM

It is not enough to enhance the thermal performance or 
reduce the pressure penalty in a heat exchange system 
using nanofluid; it is essential to note how much gain in 

[
]

[ − ]

Fig. 6   Effect of nanoparticle hybridization on the thermal resistance 
of the microchannel heat sink

[ -
]

[ − ]

Fig. 7   Effect of nanoparticle hybridization on Nusselt number

[ − ]

∆
[k

N
/m

2 ]

Fig. 8   Variation of pressure drop with Reynolds number. Arrows 
showing the magnified section in the oval shape

[ − ]

[ -
]

Fig. 9   Variation of performance evaluation criterion with Reynolds 
number
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Fig. 10   The wall temperature 
distribution contours of the 
microchannel with varying 
nanofluid particle concentration 
of between 0.5 and 3.0%



	 Microfluidics and Nanofluidics (2022) 26:49

1 3

49  Page 12 of 13

the thermal enhancement relative to the pressure drop. An 
additional benefit of the figure of merit (FOM) is that the 
optimal design and operating conditions can be evaluated.

For most heat transfer augmentation strategies, the 
heat transfer enhancement is always accompanied by an 
increased pressure drop. FOM compares the heat transfer 
increment with the pumping power or energy expended 
to drive the fluid, and FOM > 1 indicates that the thermal 
performance is greater than the energy used to move the 
fluid. For this reason, the method is accepted as a worthy 
solution technique for heat transfer augmentation (Kumar 
and Sarkar 2020).

where, hnf  , hbf  , pf ,nf  and pf ,bf  are the nanofluid and base fluid 
heat transfer coefficients, nanofluid, and base fluid frictional 
pressure drops.

Figure 9 reveals the effect of hybridization on FOM 
as the Reynolds number increases. The result shows that 
FOM increases with the average thermal conductivity 
of the hybridized nanofluid. The 3.0% vol. (2.8% vol. 
Al2O3 + 0.2% vol. Cu) has a higher effective thermal 
conductivity than the 0.5% vol. (0.2% vol. Al2O3 + 0.3% 
vol. Cu). Though the latter has a higher composition of 
copper nanoparticles than the former, the higher effec-
tive/ average thermal conductivity and rate of inter-col-
lision resulting from the Brownian diffusion give the 
former a superior thermal performance. For 1.5% vol. 
concentration—high copper nanoparticle composition 
(0.75–1.3% vol.), the maximum FOM corresponds to 
Reynolds number of 400 while for lower copper con-
centration (< 0.75% vol.) it is 1200. The least FOM cor-
responds to Re = 600 for Cu concentration lower than 
0.75% vol. while Re = 800 is obtained for the concen-
tration of Cu > 0.75% vol. However, Kumar and Sarkar 
(2020) noted a maximum FOM for some of the hybrid 
nanofluids investigated when the Reynolds number was 
345; though, they considered alumina and the hybrid 
of alumina with other nanoparticles such as MgO, SiC, 
AIN, Cu, and CNT for f lows with Reynolds number 
between 50 and 500.

6.6 � Temperature variation contour 
in the microchannel wall

Figures 10 (a–f) represents the three-dimensional contour 
of the wall temperature distribution for Reynolds number of 
400, and Figs. 10 (g–l) for Reynolds number of 1200 for dif-
ferent hybrid nanofluid concentrations. As shown in Fig. 10, 

(30)FOM =

hnf
/
hbf

(
pf ,nf

/
pf ,bf

) 1

3

the wall temperature in the microchannel decreases as the 
concentration of copper particles in the hybrid nanofluid 
increase. This temperature decrease is more pronounced 
for the Reynolds number of 1200 due to an increase in the 
rate of heat transfer, the velocity of the bulk fluid, increased 
Brownian diffusion, and axial conduction.

7 � Conclusions

A numerical study of the thermal performance and pres-
sure of water-based alumina-copper hybrid nanofluid flow-
ing through a narrow rectangular microchannel with a heat 
sink is considered. The numerical simulation was done using 
ANSYS Fluent, a computational fluid dynamics software. 
The effect of copper and alumina hybridization is investi-
gated on the bulk temperature, substrate temperature, ther-
mal resistance of the microchannel, Nusselt number, and 
pressure drop as a function of the Reynolds number. The 
Reynolds number varies between 400 and 1200, the volume 
concentration between 0.5 and 3.0%, and the concentration 
of alumina and copper in different proportions in the hybrid 
nanofluid for a constant heat flux of 1.0 MW/m2. The fol-
lowing are noted:

(1) Increase in the concentration of copper nanoparticles 
in the hybridized nanofluid decreases the thermal resist-
ance, substrate, and wall temperatures but increases the 
Nusselt number, pressure drop, and figure of merit.
(2) For an effective design and operation of the heat 
exchange system, the FOM is an essential tool for evalu-
ation. The maximum FOM corresponds to:

 (a) Reynolds number of 400 for a high (≥ 0.75%) 
copper nanoparticle concentration in the hybridized 
nanofluid.
(b) Reynolds number of 1200 for copper nanoparticle 
concentration less than 0.75%.
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