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Abstract: Microchannels are widely used in electrical and medical industries to improve the heat
transfer of the cooling devices. In this paper, the fluid flow and heat transfer of water–Al2O3

nanofluids (NF) were numerically investigated considering the nanoparticle shape and different
cross-sections of a porous microchannel. Spherical, cubic, and cylindrical shapes of the nanoparticle
as well as circular, square, and triangular cross-sections of the microchannel were considered in the
simulation. The finite volume method and the SIMPLE algorithm have been employed to solve the
conservation equations numerically, and the k-ε turbulence model has been used to simulate the
turbulence fluid flow. The models were simulated at Reynolds number ranging from 3000 to 9000, the
nanoparticle volume fraction ranging from 1 to 3, and a porosity coefficient of 0.7. The results indicate
that the average Nusselt number (Nuave) increases and the friction coefficient decreases with an
increment in the Re for all cases. In addition, the rate of heat transfer in microchannels with triangular
and circular cross-sections is reduced with growing Re values and concentration. The spherical
nanoparticle leads to maximum heat transfer in the circular and triangular cross-sections. The heat
transfer growth for these two cases are about 102.5% and 162.7%, respectively, which were obtained
at a Reynolds number and concentration of 9000 and 3%, respectively. However, in the square
cross-section, the maximum heat transfer increment was obtained using cylindrical nanoparticles,
and it is equal to 80.2%.

Keywords: nanoparticle shape effect; porous medium; turbulent flow; different cross-sections

1. Introduction

It is possible to improve the heat transfer rate of the fluids by flow geometry or boundary
conditions improvement as well as improve the thermophysical properties of the fluid such as the
thermal conductivity coefficient. One of the most desirable ways of thermal conductivity coefficient
enhancement of the base fluid is adding fine solid particles to the base fluid [1–9]. It could also be
improved using a porous medium in the channel [10–15].

Previous studies are reviewed below. In the review, articles about porous media are first discussed.
Subsequently, articles on microchannels will be reviewed and finally, the limitations of the porous
media in microchannels will be discussed.
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Jiang et al. [16] conducted an experimental and numerical study of heat transfer in a microchannel
filled with porous materials. Their results show that the heat transfer and pressure drop in a microchannel
filled with porous materials are larger than those in a simple microchannel. Hatami and D. D. Ganji [17]
numerically investigated the heat transfer and water–copper nanofluid (NF) flow in a microchannel heat
sink using the porous media approach. They studied the effects of the nanoparticle concentration, porosity
coefficient, Darcy number, and microchannel dimensions on the hydrothermal behavior of the NF flow.
Their results revealed that the heat transfer will increased by the volume fraction enhancement, resulting
in less temperature difference between the coolant and wall temperature.

Ghazvini and Shokouhmand [18] numerically investigated the influence of NF on the cooling
of a heat sink microchannel using fins and a porous medium. They showed that the dimensionless
temperature and Nuave can be enhanced by a porosity coefficient increment. Goodarzi et al. [19]
numerically studied the effect of slip velocity and temperature jump on the NF flow in the microchannel
filled with porous materials. Their results show that in higher Reynolds numbers, the local Nusselt
number (Nu) enhanced significantly. Moreover, a lower permeability leads to a higher local Nu.

Ting et al. [20] numerically studied the effect of entropy generation on the NF flow and heat
transfer in a microchannel filled with a non-equilibrium porous medium. Their results indicate that
adding the porous medium improves heat transfer and entropy generation. Arabpoor et al. [21]
performed a numerical study on the influence of the slip boundary condition on NF flow in a
microchannel. According to their results, the Nuave increases by a higher nanoparticle volume fraction
and Re enhancement.

In summing up the studies on porous media [16–21], it can be concluded that the application
of porous media, in all geometries studied, has significantly increased the rate of heat transfer and
pressure drop. It is important to note which of these factors are most important in each application. It
makes clear whether the use of porous media is justified or not.

Hosseini and Sheikholeslami [22] numerically examined the impact of a magnetic field and
entropy generation on the flow field and heat transfer inside a two-dimensional microchannel. Their
results show that the total entropy generation is higher for a larger porosity coefficient.

Ali Akbari et al. [23] conducted a numerical study on the influence of the ribs height on the heat
transfer and water–aluminum oxide NF flow in a microchannel. Their results demonstrated that the
tooth height and the concentration have a direct influence on the friction coefficient and Nuave.

Karimipour et al. [24] numerically studied the effect of vortex generators on the fluid flow and
heat transfer in a two-dimensional microchannel. Their results show that the heat transfer significantly
increases by a higher Re and volume fraction as well as more vortex generators. Reza et al. [25]
numerically investigated the effect of triangular teeth on heat transfer and non-Newtonian NF flow in a
microchannel with a rectangular cross-section. According to their results, heat transfer was influenced
directly by the nanoparticle volume fraction, and the smaller diameter of the nanoparticles leads to the
higher heat transfer of the microchannel. Arabpour et al. [26] have conducted a numerical study of the
slip boundary condition on the heat transfer and Multi-walled carbon nanotubes (MWCNT)–water in
a microchannel. Their results showed that the temperature remarkably decreases with an increment in
the slip velocity coefficient on the solid surfaces, whilst it improves the heat transfer.

Avramenko et al. [27] numerically investigated the impact of mixed convection in a vertical
microchannel with a circular cross-section. They found that the shape of the cross-section
has a significant effect on the Nuave. Gao and Jian [28] proposed an analytical solution of
magnetohydrodynamic fluid flow in a microchannel with a circular cross-section. According to
their results, the volumetric flow rate grew and then decreased with the Hartmann number. El
Mghari [29] conducted an experimental and numerical investigation on the effect of condensation on
the thermal performance of a microchannel with a square cross-section. Their results indicate that the
average and local Nu are strongly dependent on the heat flux through the wall.

Kiyasatfar and N. Pourmahmoud [30] numerically examined the heat transfer of a non-Newtonian
NF in a square microchannel. Their results show that the Nuave rises happened by Re and nanoparticle
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volumetric percentage growth. Ferrari et al. [31] conducted a numerical study on the effect of boiling
inside a two-dimensional microchannel with a square cross-section. They found that for all Res, the bubble
velocity in the channel with the square cross-section is higher than the other ones. Bahmanpour et al. [32]
numerically studied the influence of various teeth on the heat transfer and NF flow in a microchannel.
Their results show that an increment in the velocity of the NF leads to a significant improvement of the
Nuave and the thermal hydraulic performance. Weng et al. [33] carried out an experimental and numerical
study on the effect of ribs on heat transfer in the microchannel. According to their findings, the presence
of vortex generators will improve the thermal performance of the microchannel.

From the studies reviewed on microchannels [22–33], it can be concluded that the use of
microchannels, due to the increasing need of different industries for small and efficient heat exchangers,
is considered to be more than before. Therefore, the behavior of microchannels in different environments
needs to be given more attention.

Dejam [34] numerically investigated the effect of the electro-osmotic scattering coefficient on
a viscoelastic microchannel flow filled with porous materials. He concluded that the ratio of the
dispersion coefficient in a microchannel with a porous wall to a nonporous-walled microchannel
is significantly reduced by the degree of fluid velocity. In addition, the ratio of the microchannel
scattering coefficient to the nonporous-walled microchannel reduces the degree of fluid elongation.

In another paper, he [35] also numerically investigated the effect of hydrodynamic scattering
inside a microchannel filled with porous materials. Their results show that the Peclet number and
bluntness parameter improve the behavior of the hydrodynamic scattering coefficient in the porous
microchannel. They also concluded that the mass transfer in a porous-walled microfluidic channel is
also slower than mass transfer in a nonporous-walled microfluidic channel.

Past studies [34,35] indicate that few studies have been conducted on the existence of porous
media in microchannels. Olayiwola and Dejam [36] experimentally studied the viscosity behavior
of silica NFs with different electrolyte ions. Their results indicate that changes in oil recovery when
injecting nanoparticles into the tank may alter the viscosity behavior of the liquid in the porous medium
in addition to changing the angle of contact and damage. In another research, they [37] evaluated the
effect of surface energy on dissolving nanoparticles, surfactants, and electrolytes. Their results show
that the dipole–dipole interaction of ions contributes to the reduction of interfacial energy by adding
the EDL effect. There have also been recent studies in the field that address similar issues [38–52].

Based on previous studies, it can be concluded that the effect of using nanofluid in a microchannel
filled with porous media has not been investigated simultaneously. Moreover, the effect of the
nanoparticles’ shape and geometrical cross-section on the thermal behavior of such microchannels has
not been considered. The aim of this study is to examine the influence of the shape of aluminum oxide
nanoparticles on the flow field and heat transfer inside microchannels with various cross-sections.
Therefore, spherical, cubic, and cylindrical nanoparticles have been studied in microchannels with
circular, square, and triangular cross-sections. The study involves a Re range of 3000 to 9000,
nanoparticle volume percentages ranging from 1 to 3, and a porosity coefficient of 0.7. The aim and
innovation of this work is to select the best shape of the nanoparticles and the best cross-section in the
microchannel in terms of thermal hydraulic criteria.

2. Problem Statement and Numerical Simulation

2.1. Problem Definition

Figure 1 displays the computational space along with its boundary conditions. The inside of the
computational space is considered to be porous during the problem solution.

According to reviews on similar articles, the Reynolds number range was in the range of
(3000 ≤ Re ≤ 9000). Moreover, in microchannels, usually the velocity values are no higher than the
speeds associated with these Reynolds numbers.
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Figure 1. Schematic of the microchannel and general sketch of the problem. 

According to reviews on similar articles, the Reynolds number range was in the range of (
3000 Re 9000≤ ≤ ). Moreover, in microchannels, usually the velocity values are no higher than 
the speeds associated with these Reynolds numbers. 

The flow and heat transfer of the NF in the microchannel are investigated for the case where the 
microchannel is filled with porous material. The computational space in the present paper is defined 
as follows. The effects of different shapes of aluminum oxide nanoparticles are investigated so as to 
achieve more practical results. The cross-sections used for the microchannel are shown in Figure 2a. 
The radius of the circular cross-section and the side lengths of the square and triangular 
cross-sections are selected such that the resulted cross-sectional areas are identical. The hydraulic 
radius of each cross-section is displayed in Figure 2a. The NF is defined as single-phase, and 
effective physical properties are used in the equations. Different shapes are considered for the 
nanoparticle, as shown in Figure 2b. 

 
(a) The hydraulic radius for the different cross-sections 
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(b) 3D representation of the nanoparticles 

Figure 2. Hydraulic radius and 3D geometry of the nanoparticles. 

2.2. Formulation 

According to the various sources, different relationships that define fluid properties can be 
employed for different nanoparticle shapes. The effective properties used for the three considered 
nanoparticles are as follows [53]: 

Spherical: 

Figure 1. Schematic of the microchannel and general sketch of the problem.

The flow and heat transfer of the NF in the microchannel are investigated for the case where
the microchannel is filled with porous material. The computational space in the present paper is
defined as follows. The effects of different shapes of aluminum oxide nanoparticles are investigated
so as to achieve more practical results. The cross-sections used for the microchannel are shown in
Figure 2a. The radius of the circular cross-section and the side lengths of the square and triangular
cross-sections are selected such that the resulted cross-sectional areas are identical. The hydraulic
radius of each cross-section is displayed in Figure 2a. The NF is defined as single-phase, and effective
physical properties are used in the equations. Different shapes are considered for the nanoparticle, as
shown in Figure 2b.
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2.2. Formulation

According to the various sources, different relationships that define fluid properties can be
employed for different nanoparticle shapes. The effective properties used for the three considered
nanoparticles are as follows [53]:

Spherical:
ρe f f = (1−φ)ρ f + φρs (1)

cpe f f =
(1−φ)(ρcp) f + φ(ρcp)s

ρe f f
(2)

ke f f

ks
=

kp + 2ks + 2φ(kp − ks)

kp + 2ks −φ(kp − ks)
(3)

µe f f = µs(1 + 2.5φ+ 6.2φ2) (4)
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Cylindrical:
ρe f f = (1−φ)ρ f + φρs (5)

cpe f f =
(1−φ)(ρcp) f + φ(ρcp)s

ρe f f
(6)

ke f f

ks
= 1 + 3.95φ (7)

µe f f = µs(1 + 13.5φ+ 904.4φ2) (8)

Cubic:
ρe f f = (1−φ)ρ f + φρs (9)

cpe f f =
(1−φ)(ρcp) f + φ(ρcp)s

ρe f f
(10)

ke f f

ks
= 1 + 3.37φ (11)

µe f f = µs(1 + 1.9φ+ 471.4φ2) (12)

The above relationships are substituted into the simulation equations, and the obtained fluid
properties were replaced. The porosity considered to be 0.7 in this research.

The porous solid matrix is considered to be isotropic and homogeneous. In the steady state and a
fully developed flow, V = 0 and u = u(y). The Darcy–Brinkman momentum equation has been used.

3. Meshing

Structured meshes have been utilized whenever possible for meshing the computational space in
this study. In numerical works, one tries to use structured meshes as much as possible, and this model
can be employed for the geometries with circular and square cross-sections.

Figure 3a shows the mesh generation for the square cross-section. A rectangular mesh has been
used here. As seen in Figure 3b, an unstructured grid is used in case of the triangular cross-section in
order to be able to completely cover the overall computational domain.
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3.1. Boundary Conditions

Some boundary conditions were applied to solve the problem. The microchannel walls are
assumed to be under a constant heat flux. Table 1 lists the inlet conditions used in this paper to obtain
the initial results for validation. As shown in this table, the inlet fluid velocity increases by Re.

Table 1. Inlet conditions for various Re.

Inlet Velocity Reynolds

6.03 3000
10.05 5000
14.07 7000
18.09 9000

The modeling conditions are represented in Table 2. A 2D model simulation was considered for
the circular cross-section, whereas the problem modeled square and triangular cross-sections three
dimensionally. Moreover, the steady-state condition was considered over the solution, and a turbulence
model was used for fluid flow modeling. A model with two equations is utilized to simulate the flow
disturbance, and the fluid behavior near the wall is modeled using the standard function.

Table 2. Modeling conditions.

Two-Dimensional (Flow Modeling with Circular Cross-Section)
Three-Dimensional (Flow Modeling with Square and Triangular
Cross-Sections)

Computational Domain

Steady-state Time-dependence
Nonlinear k− ε Turbulence model

Use of standard wall function Behavior near the wall
Active Equation of conservation of energy

The equations used for the numerical solution are shown in Table 3. As seen in this table, six
equations are required to model the fluid motion and heat transfer in a porous medium.

Table 3. Required equations and their number used for modeling.

Quantity Equations

1 Continuity
2 (for flow in the circular cross-section)

Navier–Stokes3 (for flow in the triangular and square cross-sections)
1 Energy
2 Turbulence

A continuity equation expressing that no fluid mass is created nor destroyed, two momentum
equations—One along the flow and another perpendicular to it—Are required (three momentum
equations are utilized for square and triangular cross-sections). It should be noted that the terms
related to the flow in the porous medium have also been added to the equations. In Table 4, under
relaxation coefficients are presented.

The energy equation is also used in the problem solving. It must be noted that energy can be
analyzed in two ways. One way is to consider one equation for energy balance between the porous
state and the fluid. The other way is to use two independent equations, where one is used for modeling
heat transfer in the porous medium and the other corresponds to the fluid flowing through it.

The discretization of the equations is presented in Table 5. The SIMPLE algorithm is used for
the solution in this problem, and all the equations have been discretized using the upwind scheme.
In order to obtain a better approximation, second-order discretization is used, and all the equations
are discretized on the computational points in order to turn into algebraic equations. At this stage, a
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function must be defined to specify the relationship between pressure and velocity. This function is
known as the SIMPLE algorithm.

Table 4. Under-relaxation coefficients.

Value Equations

0.3 Pressure
0.7 Momentum
0.8 Turbulence energy
0.8 Turbulence energy dissipation rate
1 Energy

Table 5. Discretization method.

Method Term in Equations

Standard Pressure
Upwind Momentum
Upwind Turbulence energy
Upwind Turbulence energy dissipation rate
Upwind Energy

Finally, it must be noted that the fluid used in this study is a NF and it has been modeled as single
phase. The base fluid and aluminum oxide properties are listed in Table 6.

Table 6. Physical properties of water and nanoparticles [54].

Water Aluminum Oxide Physical Properties

997.1 3970 ρ(kg/m3)
0.00089 - µ(Pa.s)

4179 765 cP(J/kg.K)
0.6 40 k(W/m.K)

3.2. Grid Independence

First, the considered geometry was modeled and meshed in Design Modeler software. This
geometry was used for several different grids, and the Nu was calculated at the Re of 9000 (Tables 7–9).
As can be seen from this table, the Nu suddenly changes at some point, after which the Nu can
be assumed to be almost constant, and the so-called grid-independence is achieved. Given the
cross-sectional geometry, different meshes are used, and the criterion for choosing the right point is the
lack of change in the results with an increment in the number of nodes (i.e., finer mesh) after that point.

Table 7. Grid independence for the circular pipe.

Number of Cells Nusselt Number

35 × 250 0.85515696
40 × 250 0.8424636
45 × 250 55.56332
50 × 250 52.42397
55 × 250 51.91109

Table 8. Grid independence for the square pipe.

Number of Cells Nusselt Number

35 × 35 × 250 1.567
40 × 40 × 250 15.67
45 × 45 × 250 32.11
50 × 50 × 250 34.987
55 × 55 × 250 35.678
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Table 9. Grid independence for the triangular pipe.

Number of Cells Nusselt Number

35 × 35 × 250 8.674
40 × 40 × 250 23.12
45 × 45 × 250 65.14
50 × 50 × 250 73.98
55 × 55 × 250 74.134

3.3. Validation

In order to validate the numerical results, the geometry of the microchannel in the work by Arjun
and Rakesh [55] has been simulated, and the results relating to the Nuave have been compared to
the results of their work, as shown in Figure 4. It can be seen that there is merely an inconsiderable
difference between the Nuave obtained in this paper and that of Arjun and Rakesh [55]. The error is
just about 4.832%, which confirms the results’ validity.
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4. Results and Discussion

Three different nanoparticle geometries were used for the circular cross-section. Four different Re
values of 3000, 5000, 7000, and 9000, and three volume fractions of 0.01, 0.02, and 0.03 are examined.
The results of the effects of these parameters on the thermohydraulic characteristics of the nanofluid
flow are presented in the following sections.

4.1. Nusselt Number in the Microchannel with the Circular Cross-Section

As can be seen from Figure 5, for the spherical nanoparticle, the Nu increases with growing Re
and decreases with growing NF concentration. The Re enhancement accelerates the fluid near the
wall, resulting in heat transfer enhancement, and so the Nu will increased. In many problems, the Nu
increases by increasing the NF concentration due to the higher thermal conductivity coefficient and
heat transfer. However, in this problem, the Nu and heat transfer rate decrease with an increment
in the NF concentration, similar to numerous other problems studied so far [10–12,18,20]. The Nu
reduction over the NF concentration accretion is more considerable for higher Re values.

It can be observed in Figure 5b that the Nu for the cylindrical nanoparticle is smaller than of the
spherical and cubic nanoparticles, at a concentration of 0.02. Moreover, the Nusselt number for the
spherical nanoparticle is larger than that for the cubic nanoparticles, and this difference increases for
larger Re values. As shown in Figure 5c, the Nuave for the cylindrical nanoparticle is smaller than that
for the spherical and cubic nanoparticles at a concentration of 0.03. It is also can be concluded that the
Nuave for the spherical nanoparticle is larger than the cubic nanoparticles, and this difference increases
for larger Re values. This observation was the same for a concentration of 0.02.
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Figure 5. Nuave vs. Re for a porosity coefficient of 0.7 and for different volume fractions in a
microchannel with a circular cross-section.

4.2. Friction Coefficient for the Microchannel with the Circular Cross-Section

Figure 6 plotted the friction coefficient versus Re. As shown in this figure, the friction coefficient
is a decreasing function of Re. It is also can be observed that the friction coefficient increases by
NF concentration enhancement, and the variation of this coefficient with NF concentration is more
significant at lower Re values.
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4.3. Average Nusselt Number in the Microchannel with the Square Cross-Section

Figure 7 show the Nu versus Re for various NF concentrations in a square microchannel with a
spherical nanoparticle. As can be seen from this figure, the Nusselt number increases by Re and NF
concentration enhancement. It is also observed that the Nu decreases using a square cross-section
instead of a circular one. Moreover, the Nu for cubic and cylindrical nanoparticles has trends identical
to that of the spherical nanoparticle. In other words, the Nu is a growing function of the Re and the
nanoparticle concentration.
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4.4. Friction Coefficient for the Microchannel with the Square Cross-Section

The plots of friction coefficient and heat transfer, as shown in Figure 8, exhibit identical behaviors
for spherical, cylindrical, and cubic nanoparticles. As can be seen from this figure, the friction coefficient
is an increasing function of Re and NF concentration for all cases, and slope of the plot is steeper when
cubic and cylindrical nanoparticles are used.
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4.5. Average Nusselt Number in the Microchannel with the Triangular Cross-Section

The Nu versus Re for various NF concentrations is shown in Figure 9 for a spherical nanoparticle
and triangular microchannel. As shown in this figure, the Nu increases with growing Re and decreases
by increasing the NF concentration.
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Figure 9. Nuave vs. Re for a porosity coefficient of 0.7 and for different volume fractions in a
microchannel with a triangular cross-section.

As shown in Figure 9, the Nu for cubic and cylindrical nanoparticles have trends identical to
that of the spherical nanoparticle. In other words, the Nu is an increasing function of the Re and a
decreasing function of the nanoparticle concentration.
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4.6. Friction Coefficient for the Microchannel with the Triangular Cross-Section

The plots of friction coefficient and heat transfer shown in Figure 10 have identical behaviors for
spherical, cylindrical, and cubic nanoparticles.
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Figure 10. Friction coefficient vs. Re for a porosity coefficient of 0.7 and for different volume fractions
in a microchannel with a triangular cross-section.
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As can be seen from Figure 10, the friction coefficient is a growing function of Re and NF
concentration for all cases, and the slope of the plot is steeper when cubic and cylindrical nanoparticles
are used.

5. Conclusions

In this paper, the behavior of nanofluids in a microchannel filled with porous media is
numerically investigated. The effects of nanoparticle shape, nanoparticle volume fraction, microchannel
cross-section geometry, and Reynolds numbers on flow field and heat transfer were studied. The
significant findings of this study are reported as below:

• The Nusselt number increases with growing Re for a porosity coefficient of 0.7, all three
microchannel cross-sections, and all three nanoparticle shapes. Moreover, the Nusselt number
decreases with growing NF concentration for the mentioned study cases.

• The Nusselt number for the cylindrical nanoparticle is smaller than those for the spherical and
cubic nanoparticles for all volume fractions studied.

• For the cylindrical nanoparticle, the friction coefficient is reduced by Re enhancement. Furthermore,
the friction coefficient is observed to be a growing function of nanoparticle volume fraction in the
NF. This is exhibited more prominently at smaller Re values.

• In summary, this study shows that for a microchannel filled with porous media, the use of spherical
nanoparticles results in a higher Nusselt number and a lower friction factor compared to other
shapes of nanoparticles.

• In terms of the geometrical effect of the microchannel cross-section, the best heat transfer rate
in the microchannel with triangular, rectangular, and circular cross-sections is recommended,
respectively. Circular and triangular microchannels also have the lowest and highest friction
coefficients, respectively.

This study showed that the use of microchannels filled with porous media with triangular
cross-sections containing spherical nanoparticles can lead to the best heat transfer rate under the
conditions studied.

Finally, it is suggested that the effects of different porosities and nanofluids with different
nanoparticles be considered in future studies. Moreover, if this study is done experimentally, it can be
very helpful in understanding the behavior of nanofluids in microchannels with porous media.
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Nomenclature
cp Specific heat capacity, J/K
Nu Nusselt number
Re Reynolds number
k Thermal conductivity coefficient, W/m·K
Greek Symbols
ρ Density, kg/m3

φ Nanoparticles volume fraction, Pa·s
µ Dynamic viscosity
ε Porosity coefficient
Subscripts
f Base fluid
avg Average
np Nanoparticle
n f Nanofluid
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