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Abstract: The study investigates the flow and thermal characteristics of microchannels with
varying geometries and boundary conditions. Water is used as the base fluid, with Al2O3 and
CuO nanoparticles as additives. The analysis begins with a straight microchannel, followed by
comparisons with sinusoidal or sine wave-shaped channels. Additionally, the effects of a
magnetic field on a straight microchannel are explored. The numerical simulations conducted
using ANSYS Fluent software, cover Reynolds numbers (Re) of 100, 300, 700, and 1,000 in
laminar flow, along with volume fractions of 1%, 2%, 3%, 4%, and 5%. A magnetic field
intensity of 0.1T is applied for the magnetohydrodynamic (MHD) effect. The results presented as
Nusselt numbers, pressure drop, and thermal performance factor graphs, indicate an increase in
Nusselt number with rising Reynolds number and decreasing volume fractions. Pressure drop
also rises with increasing Reynolds number and volume fractions.
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In response to research and development efforts in the
manufacturing sector, heat exchangers have progressively

Introduction

evolved to microscale dimensions, with channels featuring a
hydraulic diameter ranging from 1 to 100 pm being
classified as microchannels (Manay et al., 2012). These
microscale systems have garnered significant attention in

Copyright © 2025 Inderscience Enterprises Ltd.
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engineering due to their longer lifespan, reduced weight,
and lower cost, offering substantial advantages in both
academic literature and practical applications. The
popularity of microchannels began to surge in the early
2000s, primarily attributed to their enhanced heat transfer
capabilities relative to traditional channels and pipe flows.

In systems involving microfluids, surface effects play a
paramount role in flow and heat transfer dynamics. Notably,
in systems with a characteristic length of 1m, the surface-to-
volume ratio stands at approximately 1m™, while in
microfluidic systems with a size of 1 pum, this ratio escalates
to a staggering 10°m™. This remarkable million-fold
increase in surface area concerning the device’s mass
profoundly influences mass, momentum, and energy
transfer along these abundant surfaces (Avci, 2008).

Hybrid nanofluids have emerged as a recent
development, wherein two or more nanoparticles are
meticulously combined to enhance heat transfer properties,
distinct from uniform nanoparticles (Huminic, 2020).
Several factors, including nanoparticle synthesis, thermal
conductivity, nanofluid preparation methods, particle size,
nanoparticle compatibility, shape within the fluid, and the
establishment of an effective thermal network, have been
explored as fundamental parameters affecting heat transfer
improvement (Salman et al., 2020).

In general, two fundamental methods for augmenting
heat transfer, active and passive, have been recognised
(Kuppan, 2020). Passive heat transfer enhancement methods
mostly involve geometry modifications on the heat transfer
surface (Bhattacharyya et al., 2019) or in the flow domain
via inserts along the flow path (Bhattacharyya et al., 2020).
In our case, the integration of nanoparticles into the working
fluid to boost heat transfer can also be categorised as a
passive method. In combination with nanoparticles, a
magnetic field can be applied that provides additional
means of heat transfer control (Biswas et al., 2022)
representing an active approach. This active method is also
considered in the present study, entailing the application of
a magnetic field to influence the working fluid, which falls
under the domain of magnetohydrodynamics (MHD). MHD
focuses on the flow of electrically conductive fluids under
the influence of a magnetic field, resulting from the
amalgamation of the Navier-Stokes equations and the
Maxwell equations for the electric field.

This study delves into the impact of nanofluids and
hybrid nanofluids in microchannels, with and without MHD
effects on convective heat transfer and pressure drop. The
literature review is divided into two main categories:
studies related to nanofluids and hybrid nanofluids in
microchannels, and studies incorporating MHD effects.

The first category explores investigations involving
nanofluids and hybrid nanofluids in microchannels. Vinoth
and Sachuthananthan (2021) conducted a comparative
analysis of heat transfer and flow characteristics in a
microchannel heat exchanger employing newly designed
pentagonal and triangular fin geometries. In this study, both
nanofluids and hybrid nanofluids were employed. The
nanofluids used encompassed CuO-Water and Al,Os-Water,

and an experimental investigation was performed using the
ALO3;-CuO/Water hybrid nanofluid. Similarly, Krishna
et al. (2021) carried out a numerical investigation to
evaluate heat transfer and pressure drop characteristics in a
circular microchannel heat exchanger, using a hybrid
nanofluid as the coolant. The study compared different mass
flow rates and volume fractions. Additionally, Ghachem
et al. (2021) conducted a numerical analysis of heat transfer
in a crossflow micro-heat exchanger featuring rectangular
wavy channels and a hybrid nanofluid. The working fluid
comprised hot and cold nanofluids flowing through the
upper and lower cross channels, respectively. Kumar and
Sarkar (2020) performed experimental examinations of the
hydrothermal characteristics of ALO3-MWCNT-Water
hybrid nanofluid in a minichannel heat exchanger, exploring
different Reynolds numbers and inlet temperatures.
Moreover, Ekiciler and Cetinkaya (2020) analysed
monotype nano-fluid and hybrid nanofluid in a ribbed
channel under turbulent flow conditions. They scrutinised
Nusselt number, friction factor, temperature contours, and
turbulence intensity, along with the significance of
geometry, Reynolds number, and nanoparticle types.
Further research by Asadi et al. (2020) probed the
rheological behaviour and dynamic viscosity of CuO-TiO»/
water hybrid nanofluid, examining the chemical, atomic,
and surface structures of the nanoparticles. Goudarzi et al.
(2020) conducted a study investigating the effect of
nanoparticle motion due to Brownian motion on the natural
convection of Ag-MgO/Water hybrid nanofluid. The study
was executed on a cavity with sinusoidally oscillating walls.
Gravndyan et al. (2017) performed a computational fluid
dynamics analysis of laminar flow and heat transfer in a
recessed microchannel employing Water-TiO, nanofluid as
the working fluid. Lastly, Cakir and Aktiirk (2022) delved
into the thermal performance of nanofluids in a wavy
microchannel, investigating Al,Os;, CuO, Fe,Os, TiO,, and
SiO, nanoparticles in different volume fractions and
Reynolds numbers.

The second category involves investigations of
nanofluids and hybrid nanofluids in microchannels with the
MHD effect. Aminossadati et al. (2021) conducted a
numerical analysis of laminar forced convection in a
horzontal microchannel using a Water-Al,O; nanofluid.
Their study revealed increased thermal performance at high
Reynolds and Hartmann numbers, with solid volume
fraction playing a significant role in enhancing the Nusselt
number. Shiriny et al. (2019) examined forced convection
heat transfer in a microchannel with rectangular geometry
featuring triangular protrusions, with the application of a
magnetic field. Higher Reynolds numbers and stronger
magnetic fields led to increased heat transfer, emphasising
the importance of nanoparticle volume fraction.
Sivasankaran and Narrein (2020) explored the effects of a
magnetic field on heat transfer and fluid flow in a
trapezoidal microchannel heat exchanger. Their study
highlighted the role of channel dimensions and magnetic
fields in influencing Nusselt numbers and improving heat
transfer. Ma et al. (2019) performed a numerical analysis on
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the effects of a magnetic field on forced convection and heat
transfer in a hybrid nanofluid containing Ag-MgO/Water.
The results indicated enhanced heat transfer at the junction
of the heater and cooler, particularly near sharp corners.
Additionally, magnetic field application significantly
impacted heat transfer. Nguyen et al. (2020) investigated the
effects of a magnetic field on heat transfer and entropy
production in a microchannel with triangular ribbed walls.
They found that magnetic fields reduced vortex intensity
and enhanced heat transfer, with a simultaneous increase in
entropy generation. Soltanipour et al. (2017) conducted a
numerical analysis to explore forced convection and entropy
production in an Al,Os-Water nanofluid in a microchannel.
Their study emphasised the significance of position-
dependent magnetic fields, which induced vortices and
varied significantly with Hartmann numbers. In addition to
these, the natural convection problem with the MHD effect
in a closed enclosure has been studied by Selimefendigil
et al. (2014). Selimefendigil and Oztop (2023) investigated
the effects of combining the use of a magnetic field with

rotating cylinders on thermal processes and phase
transitions in a T-shaped branching channel.
This study focuses on conducting numerical

investigations into the flow and thermal characteristics of
microchannels featuring various geometries and boundary
conditions. Water serves as the base fluid, while Al,O3 and
CuO nanoparticles are introduced as additives. Initially, the
study examines flow within a straight microchannel.
Subsequently, a comparative analysis is performed by
introducing sinusoidal or sine wave-shaped geometric
slopes to the straight microchannel. Furthermore, the study
explores the flow and thermal behaviours when a magnetic
field is applied to the straight microchannel. The numerical
simulations are executed using the finite volume method-
based commercial software ANSYS Fluent (2018). Within
the scope of this study, different Reynolds numbers (Re =
100, 300, 700, and 1,000) are investigated under laminar
flow conditions, alongside various volume fractions (1%,
2%, 3%, 4%, 5%). A magnetic field intensity of 0.1T is
applied to account for the MHD effect. The findings are
presented in the form of Nusselt number, heat transfer
coefficient, and pressure drop graphs across the range of
Reynolds numbers.

2 Methodology
2.1 Geometry

A geometry of straight and wavy microchannels is
developed using CAD program. Quantitative geometrical
properties are represented in Table 1, where Dj, is hydraulic
diameter, H is height, W is width, L is length. Pitch (R),
inlet length (L;) and exit length (L.) is for wavy channel.
The geometry of

a  straight

b  wavy channels are shown in Figure 1.

Table 1 Geometrical parameters of channel
Dh H w L R Li Le
(um) — (um) — (um)  (mm)  (mm)  (mm)  (mm)
100 100 100 40 6.28 4.71 3.87

Figure 1 Geometry of (a) straight and (b) wavy channel

— e

2.2 Governing equations

In our present study, water has been used as the base fluid,
while Al,O; and CuO nanoparticles have been used as
additives. The mean free path of base fluid (water) is 0.278
nm, and hydraulic diameter is of both channel is 100 um
(see in Table 1), according to these variables our Knudsen
number is 2.78 x 107, therefore we can use continuum
approach. The fluid flow and heat transfer are
governed through continuity, momentum and energy
equations (1)—(3) (Ebrahimi et al.,, 2016; Cengel and
Cimbala, 2010).

V.U=0 (1)

V. UU) =-L1Vp+V.(v-VU) @)
p

VU (pCyT; )=V -(ky -VT,) 3)

where p is density of the fluid, U is velocity, u represents
the dynamic viscosity, ks is the thermal conductivity of the
fluid, 7y represents the fluid temperature and C, is the
specific heat. The equation for momentum under the
influence of a magnetic field.

2.3 Numerical setup and boundary conditions

The governing equations can be discretised by a variety of
procedures, including the finite volume (Xia et al., 1997),
finite element (Benim and Zinser, 1986; Benim, 1990), and
the Lattice Boltzmann (Aslan et al., 2012) methods.
Although the latter is also frequently used in mini and
micro-channels (Chen et al.,, 2022), the finite volume
method is preferred in the present study. Thus, the
numerical analysis is performed using finite volume
method-based commercial software ANSYS Fluent (2018).
The flow is considered incompressible, steady-state and
laminar. SIMPLE algorithm is used for pressure velocity
coupling with second-order upwind discretisation schemes
to compute numerically. Default under-relaxation factors,
for pressure, momentum, and energy, were applied as 0.3,
0.7 and 1.0, respectively. As the convergence criteria, a
residual value 1079, is required for all equations except
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energy equation. The residual value for energy equation was
used as 107® Three-dimensional structural meshes have
been used in both straight microchannels and wavy
microchannels In Figure 2, the mesh structure for the
straight microchannel is shown in (a) front and (b) profile
views. As depicted in Figure 2, a finer mesh structure is
utilised in regions closer to the wall, while a coarser mesh
structure is employed in regions farther away from the wall.

In present study, two geometric configurations which
are straight and wavy channels are used. We consider three
cases, which are straight microchannel with hybrid
nanoparticles, = wavy  microchannel  with  hybrid
nanoparticles, and straight microchannels with hybrid
nanoparticles and MHD. First, the effect of geometry on
heat transfer and flow will be examined in hybrid
nanoparticle microchannels. Then, the effect of MHD on
heat transfer and flow will be investigated in a straight
microchannel. The used boundary conditions of three cases
are listed in Table 2. At the, constant temperature is applied
for energy equation, and constant velocity is determined for
momentum equation. The inlet velocities change of course

for considered four Reynold numbers (Re = 100, 300, 700
and 1,000). At the outlet, pressure outlet boundary condition
is applied which is zero-gauge pressure and zero
temperature gradient for momentum and energy equation,
respectively. Bottom surface is heated with constant heat
flux. Top and side surfaces are adiabatic. The no-slip
boundary conditions are applied all surfaces. Only for MHD
case, 0.1 of magnetic heat flux density is applied at top
surface.

2.4 Thermophysical properties and parametric
definition

Water has been employed as the base fluid, and
nanoparticles of AlLbO; and CuO have been used as
additives. Both of nanoparticles added in equal amounts to
base fluid (water) The thermophysical properties of water,
ALO3; and CuO are listed in Table 3 (Vajjhai et al., 2010;
Sheikholeslami et al., 2014; Ahmed et al., 2021).

Figure 2 Mesh structure for straight microchannel (a) front and (b) profile views

}l
(a) (b)
Table 2 Boundary condition of three cases
Boundary conditions
Geometrical position of o . 5 Magnetic flux
microchannel Temperature [°C] Velocity [m/s] Pressure [Pa] Heat flux [W/m?] density [Tesla]
Inlet 25
Outlet - - Pgauge =0 - -
Bottom surface - 0 - 1,000 -
Top surface - 0 - 0 (adiabatic) 0.1
Side surfaces - 0 - 0 (adiabatic) -
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Table 3 Thermophysical properties of water, Al203 and CuO
p Cp k U o
[kgm®]  [J/kgK] [WimK]  [kg/m.s]  [Qm]!
Water  997.1 4,189 0.613 891 x10* 0.05
Al203 3,600 765 36 - 1012
CuO 6,500 533 17.65 - 10710

In the context of this study, it is assumed that the single
phase nanofluids used are homogeneously distributed in
water, and the working fluid will be considered as a single
phase. The following equations are used to determine the
thermophysical properties of the hybrid nanofluid
(Behroyan et al., 2015; Aminian et al., 2020). The effective
density of liquids has been.

Py == 0)pr + @pup 4

In equation (4), the density of hybrid nanofluid (p,) is
acquired, where ¢ is total volume fraction, py is density of
base fluid and p,, is density of hybrid nanoparticles.
Specific heat of hybrid nanofluids (Cp, i) is calculated as;

Cp,hrgf = (1 - (D)prf + (/)prnp (5)

where C,,is specific heat of base fluid, and C,, ., represents
specific heat of nanoparticles. Viscosity is determined using
Brinkmann model.

Ping = s [(1= ) (6)

where u,r is dynamic viscosity of hybrid nanofluid and yr
exhibits dynamic viscosity of base fluid. Thermal
conductivity is calculated as using correlation of Yu and
Choi (2003).

kyp +(n—=Dky —(n —l)(k,- —k,,p)(p
kup +(n—Dky +(kf _knp)ﬁf’

khnf = kf (7)

where k, represents conductivity of hybrid nanofluids,
knp 18 conductivity of hybrid nanoparticles,  is shape factor
and ky is thermal conductivity of base fluid. Electrical
conductivity of hybrid nanofluid (e i) is computed as

Tesng =(1=9)Ge s + Ty ®)

where o, and o, are electrical conductivity of base fluid

and electrical conductivity of nanoparticles, respectively.
The properties determined by equations (4)—(8) for

AlO3 and CuO are expressed using the following equations.

Prp = (Pan0s Py + PcuoPcuo )9 (10)
knp = (90K a0, + Pcuokcuo) /9 (1)
Cpip =(041.0,Cp. 41,05 + 0cu0Cp.cuo )/(0 (12)
Oemp = Q100,405 + PcuoTe,cuo )/€0 (13)

And thermophysical properties of AlO3-CuO hybrid
nanoparticles are listed Table 4.

The use of higher volume fractions in nanofluids leads
to serious problems such as sedimentation, erosion and
higher pressure drop, etc. (Tawfik, 2017; Kleinstreuer and
Feng, 2011). Therefore, in our own study, five volume
fractions were utilised, in the order of 1%, 2%, 3%, 4%, and
5%.

For evaluating convective heat transfer, convective heat
transfer coefficient (h) is calculated as

h=Q/(Tw—T’;T8) (14)

where O is heat flux, T, 7; and 7, represent wall
temperature, inlet temperature and exit temperature of the
microchannel, respectively. Nusselt number (Nu) can be
calculated via convective heat transfer coefficient, thermal
conductivity of fluid (k) and hydraulic diameter (Dj).

Nu = hDy [k (15)

Reynolds number is based on inlet velocity and hydraulic
diameter (see in Table 2). The friction factor is defined as

f=((AP/L)Dy)/2pu? (16)
where pressure differences (AP) is calculated with using
outlet (P,) and inlet (P;) pressures of microchannel

AP=PF,-F (17)
In order to evaluate convective heat transfer and friction
factor together, thermal performance factor (y) is

determined. It compares the cases between base fluid and
hybrid nanofluids and it is calculated as

y = (Nu/Nuy ) /(] fir )" (18)

where Nuyr and Nu represent the Nusselt number of base
fluid and Nusselt number of hybrid nanofluid, with the same
manner fjr and f exhibit the friction factor of base fluid and

0= Qanos + Pcuo 9) friction factor of hybrid nanofluid.
Table 4 Thermophysical properties of Al2O3-CuO hybrid nanoparticles

0=1% 0 =2% 0 =3% 0 =4% 0 =5%
p [kg/m3] 1,037.629 1,078.158 1,118.687 1,159.216 1,199.745
Cp [J/kgK] 4,007.199 3,848.315 3,700.944 3,563.877 3,436.071
k [W/mK] 0.6303 0.6480 0.6660 0.6844 0.7031
p [kg/m.s] 0.0009136 0.0009371 0.00009614 0.0009867 0.0010129
c [Q.m]! 0.0495 0.0490 0.0485 0.0480 0.0475
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2.5 Validation

In order to validate our numerical procedure, one validation
case is determined. Validation case based on the
experimental investigation of the Nusselt number and
friction characteristics straight microchannels using de-
ionised water (Chen et al., 2014). The aspect ratio and
hydraulic diameter of the straight microchannel used in the
experiment is 2.5 and 160 pm, respectively. The
experiments were conducted within the range of Reynolds
numbers between 350 and 1,500. In order to validate this
experimental study numerically, we relied on the study of
Khan et al (2021). They adopted the physical properties of
the de-ionised water from the studies conducted by Okhotin
et al. (1972) and Ebrahimi et al (2015). The solver setting in
this numerical study have been applied in our own work.

Figure 3 Validation of numerical model (a) for Nusselt number
and (b) friction factor

12
——~Chenet. al
- = = present study
11
10
Z 9
8
7
6
300 500 700 900 1100 1300 1500
Re
(a)
\ Chen et. al
\\
t - — —present study
0.03 \
«— 0.02
0.01 TN
M- -~ —_a
0

300 500 700 900 1100 1300 1500

R

(4]

(b)

Figure 3 shows the results of the validation study for
Nusselt number and friction factor. According to Figure 3, it
is observed that at low Reynolds numbers, both the
experimental and numerical results of both the Nusselt
number and friction factor align closely. However, as the
Reynolds number increases, slight differences emerge
between experimental and numerical results. At the highest
Reynolds number, the relative true error is approximately
12% for the Nusselt number, while this value is 1% for the
friction factor. We observe that the numerical study is
validated within these relative true errors.

2.6 Grid independence study

Grid independency study of Nusselt number and pressure
drop is done for straight and wavy microchannel without
MHD effect at Re = 1,000 and for ALO;-CuO/Water,
volume fraction of %5. Figure 4 presents the grid
independency. In straight and wavy microchannel, we
determined seven grid densities, and densities are obtained
using the same sized finite elements. According to Figure 4,
nearly one million mesh numbers are determined as a grid
independent mesh number for straight (1014220) and wavy
microchannels (938400).

Figure 4 Grid independence study
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3 Results and discussion
3.1 Straight microchannel

Figure 5 represents the velocity distribution of straight
microchannel in the middle section of the inlet length (L)
for (a) ¢ = 0%, (b) ¢ = 1% and (¢) ¢ = 5% at Re = 100.
Within the inlet length, flow reaches the fully developed
conditions. With an increase in volume fraction, the velocity
value consistently decreases. As one can observed at
Table 4, addition of nanoparticles increases the density and
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viscosity of the hybrid nanofluid. The increase density due
to the addition of Al,03-CuO nanoparticles to water absorbs
the increase in viscosity and becomes dominant. Therefore,
increasing nanoparticles penetration in to the base fluid
(water), leads to decrease in velocity at a constant Reynolds
number, as clearly demonstrated in the Figure 4.

Figure S  velocity distribution of straight microchannel in the
middle section of the inlet length (L;) for (a) ¢ = 0%,
(b) 9 =1% and (c) ¢ = 5% at Re = 100 (see online
version for colours)
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Figure 6 shows the temperature distribution of straight
microchannel in the middle section of the inlet length (L;)
for (a) ¢ = 0%, (b) ¢ = 1% and (c) ¢ = 5% at Re = 100. It is
observed that, at a constant Reynolds number (Re = 100), as
the volume fraction increases, the temperature of lower
surface, where a constant heat flux is applied, slightly
increases as one progress towards the outlet region of the
microchannel

Figure 6 Temperature distribution of straight microchannel in
the middle section of the inlet length (L) for (a) ¢ =
0%, (b) ¢ = 1% and (c) ¢ = 5% at Re = 100 (see online
version for colours)
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Figure 7 exhibits the Nusselt number variation with
Reynolds number for straight microchannel. As the
Reynolds number leads to an increase in Nusselt number,
while an increase in volume fraction results in a decrease in
Nusselt number. The maximum Nusselt number is acquired
for water. Nusselt number is 2.95 and for water at Re = 100.
In the case, where the volume fraction is 5%, Nu is 2.91 for
the ALOs;-CuO/Water hybrid nanofluid at Re = 100. At
Re=1000, Nusselt numbers are 4.47 and 4.42 for water and
Al203-CuO/Water hybrid nanofluid with volume fraction
of 5%. When comparing water at Re = 100 with addition of
5% nanoparticles, there is a decrease of approximately
1.35% in the Nusselt number value. For a Reynolds number
of 1000, this reduction in the Nusselt number is 5.59%. The
decrease in the Nusselt number is attributed to the increase
in the thermal conductivity (see in Table 4) of the fluid due
to addition of nanoparticles to water.

Figure 8 represents the pressure drop variations with
Reynolds number for straight microchannel. Pressure drop
increases with Reynolds number as expected. An increase in
nanoparticle volume fraction within the base fluid leads to
an increase in pressure drop, and the reason for this the rise
in viscosity (see in Table 4). At Re = 100, pressure drop is
enhanced as 6.84% with addition of hybrid nanoparticles to

the base fluid, while at Re = 1,000, this value is calculated
as 6.96%.

Figure 7 Nusselt number variation with Reynolds number for
straight microchannel
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Figure 8 Pressure drop variation with Reynolds number for
straight microchannel
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Thermal performance factor variation with Reynolds
number is shown in Figure 9 for straight microchannel.
Figure 9 consists only two volume factions which are 1%
and 5%. Thermal performance factor decreases with
Reynolds number. As one can observed that, with increase
of volume fractions, thermal performance factor leads to
decrease, due to the increases pressure drop caused by the
addition of nanoparticles to the base fluid.

3.2 Wavy microchannel

Figure 10 represents the velocity distribution of wavy
microchannel in the middle section of the inlet length (L))
for (a) ¢ = 0%, (b) ¢ = 1% and (c) ¢ = 5% at Re = 100. The
same observations and comments as in Figure 5 can be
made for Figure 10. Furthermore, when examining
equivalent volume fractions, the velocity values in the wavy
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microchannel are very close to the velocity values in the
straight microchannel.

Figure 9 Thermal performance factor variation with Reynolds
number for straight microchannel

1.02

Y

Figure 10 Velocity distribution of wavy microchannel in the
middle section of the inlet length (L;) for (a) ¢ = 0%,
(b) p = 1% and (c) ¢ = 5% at Re = 100 (see online
version for colours)
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Temperature distribution of the wavy microchannel in the
middle section of the inlet length (L;) is shown in Figure 11
for (a) ¢ = 0%, (b) ¢ = 1% and (c) ¢ = 5% at Re = 100. The
same comments as those in Figure 6 can also be made for
Figure 11. Additionally, the temperature values in the wavy
microchannel are so close to the temperature values in
straight microchannel when equivalent volume fractions are
considered.

Figure 11 Temperature distribution of wavy microchannel in the
middle section of the inlet length (L;) for (a) ¢ = 0%,
(b) p = 1% and (c) ¢ = 5% at Re = 100
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Figure 12 shows the Nusselt number variation with
Reynolds number for wavy microchannel. The relation
between the Nusselt number, Reynolds number and volume
fractions is akin that in the straight channel, therefore, the
observations and comments in Figure 7 can also be applied
to Figure 12. For only base fluid (water), Nusselt number is
calculated as 4.4 at Re = 100. Nusselt number is computed
as 4.13 for ALOs-CuO/Water hybrid nanofluid in the case

where volume fraction is 5% at Re = 100. With the same
manner, at Re = 1,000, Nusselt numbers are 12.54 and 11.29
for water and Al,O3-CuO/Water hybrid nanofluid with
volume fraction of 5%. When comparing water with the
addition of 5% nanoparticles at Re = 100, there is a decrease
of approximately 6.13% in the Nusselt number value. For
Re = 1,000, this reduction in the Nusselt number is 9.96%.
The reduction in the Nusselt number can be explained by
the enhances thermal conductivity, as indicated in Table 4,
resulting from the introduction of nanoparticles in to the
water.

Figure 12 Nusselt number variation with Reynolds number for
wavy microchannel
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Figure 13 Pressure drop variation with Reynolds number for
wavy microchannel
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Pressure drop variations according to Reynolds number for
wavy microchannel is represented in Figure 13. The relation
between pressure drop, Reynolds number and volume
fractions resembles that observed in the straight channel.
Consequently, the insights and interpretations in Figure 8
are applicable to Figure 13 as well. At Re = 100 and Re =
1,000, pressure drop increases as 6.89% with addition py
hybrid nanoparticles to the base fluid.
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Figure 14 Thermal performance factor variation with Reynolds
number for wavy microchannel
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Figure 14 shows the thermal performance factor variation
with Reynolds number of wavy microchannel for only two
volume fractions which are 1% and 5%. Thermal
performance factor decreases with Reynolds number for
volume fraction of 5%, however it generally stays constant
for volume fraction of 1%. The comments regarding the
decrease in thermal performance factor with respect to
volume fractions are applicable within the wavy
microchannel and similar observations can be made in the
straight microchannel.

3.3 Straight microchannel with MHD

Figure 15 exhibits the velocity distribution of straight
microchannel with MHD in the middle section of the exit
length (L.) for (a) ¢ = 0%, (b) ¢ = 1% and (c) ¢ = 5% at Re
= 100. Firstly, the comments and observations from
Figure 5 and Figure 10 can be extended to Figure 15.
However, the physics of the flow in the MHD affected
straight microchannel undergoes some slight alternation,
especially at the beginning of the inlet. In the straight
channel with only the nanofluid applied (Figure 5), flow
enters the straight microchannel uniformly, later it evolves
into a fully developed flow. Here, the uniform flow is
slightly distributed after entering the straight microchannel,
but eventually reaches a fully developed state. Additionally,
the impact of MHD results in velocity reductions compared
to the previous straight microchannel configuration.

Temperature distribution of straight microchannel with
MHD in the middle section of the exit length is exhibits in
Figure 16 for (a) ¢ = 0%, (b) ¢ = 1% and (c) p = 5% at Re =
100. Initially, the akin comments and observations from
Figure 6 and Figure 11 can be done to Figure 16. In the
MHD affected straight microchannel, the temperature
increase caused by heat flux at the bottom walls also effects
the upper side of microchannel. This is in contrast to the
straight channel without MHD effects. Thus, we can assert
that straight microchannel with MHD generates higher
transfer than straight microchannel without MHD.

Figure 15 Velocity distribution of straight microchannel with
mhd in the middle section of the exit length (L) for
(@) p = 0%, (b) p = 1% and (c) ¢ = 5% at Re = 100
(see online version for colours)
T we

., E———
SESFEF IS

(2)
() ———
© ——

Figure 16 Temperature distribution of straight microchannel with
mhd in the middle section of the exit length (L) for
(@) p = 0%, (b) p = 1% and (c) ¢ = 5% at Re = 100
(see online version for colours)
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Figure 17 Nusselt number variation with Reynolds number for
straight microchannel with MHD
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Figure 17 represents the Nusselt number variation with
Reynolds number for straight microchannel with MHD. The
relationship between the Nusselt number, Reynolds number
and volume fractions closely resembles that observed in the
straight and wavy microchannels. Consequently, the
findings and discussions in Figure 7 and Figure 12 are
equally applicable to Figure 17. For the base fluid (water)
alone, Nusselt number of 5.91 is obtained at Re = 100. In
the case of 5% volume fraction of Al,O3-CuO/Water hybrid
nanofluid at Re = 100, Nusselt number is estimated as 5.76.
Comparing water with the addition of 5% nanoparticles at
Re = 1,000 results in a decrease of approximately 2.53% in
the Nusselt number value. Likewise, at Re = 1,000, the
Nusselt numbers are 6.34 for water and 6.14 for
Al,0O3-CuO/Water hybrid nanofluid. For Re = 1,000, this
reduction in the Nusselt number is 3.31%. Again, the
decrease in the Nusselt number can be attributed to
enhanced thermal conductivity, as indicated in Table 4,
arising from the introduction of nanoparticles into the water.
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Figure 18 illustrates the pressure drop variations with
Reynolds number for straight microchannel with MHD. The
relation between pressure drop, Reynolds number and
volume fractions mirror the observation made in the straight
and wavy microchannels. Therefore, the comments and
observations drawn from Figure 8 and Figure 13 can be
extended to Figure 18. At Re = 100, the pressure drop
increases by 5.9% when hybrid nanoparticles are added to
base fluid (water), and for Re = 1,000, this value is
determined as 5.85%.

Figure 18 Pressure drop variation with Reynolds number for
straight microchannel with MHD
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Figure 19 Thermal performance factor variation with Reynolds
number for straight microchannel with MHD
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Thermal performance factor variation with Reynolds
number in straight microchannel with MHD is depicted in
Figure 19 for two specific volume fractions which are 1%
and %S5. For the volume fraction of 5%, the thermal
performance factor decreases with Reynolds number, while
it generally remains constant for the volume fraction of 1%.
Comments about the decrease in thermal performance based
on volume fractions are applicable within the MHD affected

straight channel, and the same comments can be made for
both straight and wavy microchannels.

3.4 Comparison

Three figures and three tables have been added to
collectively compare the effects of microchannel geometry,
MHD and the addition of nanoparticle to the base fluid on
Nusselt number, pressure drop, and thermal performance. In
the comparisons of Nusselt number and pressure drop,
results from the base fluid with 5% nanoparticle addition to
base fluid are compared between straight microchannel,
wavy microchannel and straight microchannel with MHD.
For the thermal performance comparison, results with 1%
and 5% nanoparticles additions are compared among
straight microchannel, wavy microchannel and MHD
affected straight microchannel.

Figure 20 Nusselt number comparison
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Firstly, Figure 20 represents the Nusselt number

comparison. In all cases, Nusselt number increases with
Reynolds number, however the rate of increases is highest
in the wavy microchannel. Except at Re = 100 and Re =
400, the wavy microchannel consistently yields the highest
Number in all cases. The MHD affected straight
microchannel has produced higher Nusselt number
compared to the straight microchannel. The wavy
microchannel has generated higher Nusselt number to
straight microchannel. This is attributed to both the effect of
MHD and wavy surfaces that enhance mixing and create
greater temperature gradients within the flow. At low
Reynolds numbers, there is not much differences in the
Nusselt numbers produces by the base fluid and the
nanoparticle-laden fluid. However, as the Reynolds number
increases, the base fluid has produces a higher Nusselt
number compared to the flid with added nanoparticles.
Additionally, straight channels without MHD effects
(Figure 5) have generated higher velocities compared to
straight channels with MHD effects (Figure 15). However,
in straight channels with MHD effects, velocities are not
uniform along the channel, unlike those without MHD
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effects. The disruption of uniformity in velocity distribution
also affects the temperature distribution (Figure 6 and 14).
The temperature distribution, which is less uniform under
the MHD effect, results in a higher Nusselt number.

To make a better comparison, the Nusselt number values
in Figure 20 are presented in tabular form in Table 5.
Comments made in Figure 20 can be referred to within
Table 5.

Table 5 Comparison of Nusselt number in tabular form
5% o
5% AL20s- ALOs- Water, 2 0ARO>
Water, Water, . CuO/water,
Re . CuO/water, CuO/ straight, .
straight vaicht Y water. MED straight,
straig : MHD
wavy

100 2.95 291 198 1.74 5091 5.76
400 3.55 3.41 520 459 6.10 5.92
700 4.05 3.86 745 6.69 6.22 6.02
1,000 4.47 4.22 9.57 841 6.34 6.13

Figure 21 Pressure drop comparison
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Table 6 Comparison of pressure drop in tabular form
0,
ADLO:s- ALOs-  Water, i
sl;l:zl;e;;t CuO/ Vifvczltsr, CuO/  straight, VSZZ{
g water, y water,  MHD .
straight wavy straight,
MHD

100 0.090  0.097 0.108 0.117  0.142 0.151
400 0366  0.393 0.538 0.578 0.573 0.609
700 0.649  0.698 1.085 1.165 1.008 1.070
1,000 0940 1.011 1.764 1.895 1.445 1.535

Pressure drop comparison is shown in Figure 21. Pressure
drop values increase with Reynolds number in all cases. At
lowest Reynolds number (Re = 100), all pressure drop
values are relatively close to each other. As the Reynolds
number increases, the pressure drop values between the
cases start to differ. The wavy microchannel generates the
highest pressure drop, while the straight microchannel

produces the lowest pressure drop, as seen in Figure 20,
consistent with the Nusselt numbers.

Figure 22 Thermal performance comparison between base fluid
cases and nanofluid cases at varying Reynolds numbers
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Figure 22 exhibits the thermal performance factor.
Generally, thermal performance factor decreases with
Reynolds number. The highest thermal performance value
was observed at Re = 1,000 for the fluid with 5% added
nanoparticles, which is an exception, because in all other
cases, the base fluid 1% added nanoparticles produced
higher thermal performance. In cases with 1% added
nanoparticles, the straight microchannel and MHD affected
straight microchannel generally exhibits equivalent thermal
performance, while wavy microchannel yields lower
thermal performance. In the cases with 5% added
nanoparticles to base fluid, the straight microchannel with
MHD produces the highest thermal performance, while
wavy channel exhibited the lower thermal performance.

To enable a better comparison, the performance values
in Figure 22 are presented in tabular form in Table 7.
Comments made in Figure 22 can be applied to Table 7.

Table 7 Comparison of thermal performance in tabular form
0, 0,
1% s 1% 5% % %
Al20s3- Al203-  ALOs3- Al20s3- CZ 03/_ C2 Oj;
Re cuo/  Cu0/ Cu0/ Cuo/ “ “
water, water,
water, water, water, water, . .
traight  straight wavy wavy straight, straight,
s MHD  MHD
100 1.0017 1.0106 0.9862 0.9386 0.9939 0.9784
400 0.9965 0.9600 0.9811 0.9293 0.9940 0.9741
700 0.9898 0.9528 0.9822 0.9275 0.9924 0.9714
1,000 0.9885 0.9429 0.9847 0.9242 0.9926 0.9704

4 Conclusions

The flow and thermal characteristics of straight
microchannel, = wavy  microchannel and  straight
microchannel with MHD have been numerically examined.
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Water has been used as the base fluid, while nanoparticles
of Al203 and CuO have been added as additives with
various volume fractions of 1%, 2%, 3%, 4% and 5%. The
finite volume based commercial code ANSY'S Fluent (2018)
is used in numerical computations. Our numerical
formulation is validated with experimental results (Nusselt
number and friction factor) in the literature. Numerical
studies are carried out in laminar flow regime (Re = 100,
300, 700 and 1,000). A magnetic fluid intensity of 0.1T is
used as the MHD effect. The following conclusions can be
obtained as below:

¢ Increasing the Reynolds number leads to an increase in
the Nusselt number, while an increase in volume
fraction causes a decrease in the Nusselt number, which
is attributed to the enhancement of thermal conductivity
in hybrid nanofluids as the volume fraction increases

e  Pressure drop increases with Reynolds number and
volume fractions. The reason for the increase in
pressure drop with volume fractions is due to the
increase in the viscosity of the hybrid nanofluid along
with the volume fractions.

e  Thermal performance factor decreases with Reynolds
number, and an increase in volume fraction negatively
affects the thermal performance factor.

e  With the exceptions of Re = 100 and Re =200, the
wavy microchannel consistently exhibits the highest
Nusselt number in all cases. In comparison to the
straight microchannel, the MHD-affected straight
microchannel has yielded a higher Nusselt number.
Furthermore, the wavy microchannel has achieved a
higher Nusselt number than the straight microchannel.
This is ascribed to the combined impact of MHD and
wavy surfaces, which amplify mixing and generate
more significant temperature gradients within the flow.

e  The wavy microchannel produces the highest pressure
drop, whereas the straight microchannel generates the
lowest pressure drop, these results are consistent with
Nusselt number.

e  Straight microchannel and straight microchannel with
MHD produces similar thermal performance factors.
Thermal performance factor of wavy channel is smaller
than other two cases which are straight microchannel
and straight microchannel with MHD
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