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ABSTRACT
In this paper, laminar nanofluid flow in 3D copper microchannel heat
sink (MCHS) with rectangular cross section, and a constant heat flux, has
been treated numerically using the computational fluid dynamics soft-
ware (FLUENT). Results for the temperature and velocity distributions in
the investigated MCHS are presented. In addition, experimental and
numerical values are compared in terms of friction factors, convective
heat transfer coefficients, wall temperature and pressure drops, for var-
ious particle volume concentrations and Reynolds numbers. The numer-
ical results show that enhancing the heat flux has a very weak effect on
the heat transfer coefficient for pure water, but an appreciable effect for
the case of a nanofluid. For all considered volume fractions, the sink
friction factor decreases by increasing the Reynolds number and slightly
increases by increasing the volume fractions, and, with increasing the
volume fractions and the Reynolds number, the pressure drop increases.
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1. Introduction

In order to drive the development of a compact and efficient thermal management technology for
advanced electronic devices, cooling of electronic chip is essential for the proper functioning, in
which it is used. At the present time, it has become a major concern to electronic packaging
engineers. The microchannel heat sink (MCHS) cooling technology was first proposed by
Tuckerman and Pease [1]. In silicon MCHS, the circulated water was able to reach a heat flux
of 790 W/cm2 without a phase change in a pressure drop of 1.94 bar. Several tests have been
conducted by Peng and Peterson [2] in an MCHS with hydraulic diameters ranging from 133 to
367 μm; these tests show a friction factor dependence on hydraulic diameter and the cross-
sectional aspect ratio.

New cooling devices modelling approaches have been inspired by the MCHS idea using
nanofluids as coolants. A nanofluid is a dispersion of ultra-fine particles in a base fluid such as
water, ethylene glycol (EG), oils and others, which tremendously enhances heat transfer char-
acteristics of the original fluid study. The nanoparticles used to produce nanofluids in the
reviewed literature are aluminium oxide (Al2O3), copper (Cu), copper oxide (CuO), gold (Au),
silver (Ag), silica nanoparticles and carbon nanotubes [3].
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Koo and Kleinstreuer [4] studied the effect of volume fraction on different parameters of
MCHS. Their results proved that using nanoparticles with high thermal conductivity is more
advantageous, and a channel with high aspect ratio is desirable. Jang and Choi [5] presented a
numerical study in which the MCHS performance cooling was examined using nanofluids. This
study showed that the cooling performance was enhanced by approximately 10% with water-based
Diamond (1%, 2 nm) at a fixed pump power to 2.25 W compared to an MCHS with water. A
literature review shows that limited studies are available on the flow and heat transfer character-
istics in MCHS, which motivated the studies [6–8]. The result of this work showed that the
convective heat transfer coefficient of a nanofluid is higher than that of the base fluid although
there is a slight increase in pressure drop due to the presence of nanoparticles in an MCHS.
Several factors are at responsible for this enhancement namely the Reynolds number, particle
volume fraction, and particle size and shape.

A three-dimensional (3D) numerical model of the fluid flow and heat transfer for a rectangular
MCHS has been developed by Qu and Mudawar [9,10]. This model finds that the Reynolds
number would influence the length of the developing flow region, and it was also found that the
highest temperature was typically encountered at the heated base surface of the heat sink
immediately adjacent to the channel outlet. This was similar to that proposed by both Kawano
et al. [11] and Fedorov and Viskanta [12]. Lee and Mudawar [13] have done an experimental
work to explore the microchannel cooling benefits of Al2O3/water nanofluid. This experimental
work was performed with small concentrations of nanofluid (1% and 2% concentration). Their
theoretical results show that the friction factor was slightly changed, but the pressure drop
increased. The heat transfer enhancement increased with the particle volume concentration
particularly in the entrance region than the downstream fully developed region.

In addition, Chamkha et al. [14] presented the physical phenomena regarding heat transfer
enhancement, cooling and control involving the use of nanofluids. Much attention has been given
to the measurement and the development of models for the nanofluid’s thermal conductivity, viscosity
and other properties and their effects on the heat transfer characteristics. The authors review some of
the available nanofluids’ physical properties models and focus on presenting the various research work
done on magnetohydrodynamic (MHD) convection of nanofluids in various geometries and applica-
tions [14–24].

It noted that more research needs are to be performed for the true understanding of the
physical mechanisms at the nanoscale level due to the lack of agreement in some cases between
experimental measurements and theoretical studies dealing with nanofluids. Accurate nanofluids’
property models based on experimental work are still needed and many factors still need to be
explored and optimised and more promising potential applications need to be identified. In this
context and in next works, we will introduce the effects of nanofluids’ characteristics through
some nanofluids’ features, that is, taking into consideration the reports highlighting the synthesis,
textural and morphological characterisation, and thermal stability of nanoparticles [25–32]. In this
way, new correlation will be developed for the nanofluids’ attributes in terms of particle volu-
metric concentration and temperature measurements.

In addition, based on the fact that the introduction of nanoparticles deteriorates the heat
transfer and decreases convection because of the high increase of fluid viscosity, semi-empirical
equations will be suggested and discussed to correlating some parameters with some physico-
chemical, thermophysical and temperature effects on some pure and mixed nanofluids, and
electrolyte and non-electrolyte nanoparticles solutions [33–42].

Alumina (Al2O3) and copper are the most common and inexpensive nanoparticles used by many
researchers in their numerical and analytical and experimental investigations [19,28]. All results
have demonstrated the enhancement of the thermal conductivity by addition of nanoparticles. In
most of the nanofluids’ research, some literature works have been performed using the single-phase
and two-phase approaches. In contrast to single-phase methods, due to the complexity involved in
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two-phase flow, using the two-phase modelling approach for nanofluid has been limited.
Consequently, most of the numerical solutions have been done using a single-phase model [43–46].

Sundar and Sharma [47] obtained thermal conductivity enhancement of 24.6% with CuO
nanofluid and 6.52% with Al2O3 nanofluid at 0.8% volume concentration compared to water.
Sharma et al. [48] investigated experimentally the friction factor and the heat transfer coefficient
in the transition flow with low volume concentration of nanofluid flowing in a circular tube and
with twisted tape insert. The results showed a considerable enhancement of heat transfer coeffi-
cient by an amount of 23.7% when compared with water at a volume fraction of 0.1%. The
thermal conductivities for certain base fluids and nanofluids were reported [49].

In this study, computational fluid dynamics (CFD) simulations are performed to predict heat
transfer and laminar nanofluid flow characteristics in an MCHS. The calculated variation of wall
temperature, friction factors and the pressure drop in the channel of a single-phase MCHS can
well predict the experimental data. The results are presented for different flow rates of pure water,
and nanofluids at different power inputs are also discussed in this work.

2. Formulation of the problem

2.1. MCHS model

A schematic diagram of the MCHS with key dimensions is shown in Figure 1. The fluid is flowing
through a rectangular microchannel embedded in a test module. The dimensions of each
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Figure 1. Computational domain.
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microchannel are 215 μm width, 821 μm depth and 4.48 cm length. The present study deals with
3D numerical simulations of laminar flow and heat transfer characteristics of a rectangular-shaped
MCHS using a nanofluid with volume fraction ranged from 0% to 2%, Reynolds number ranged
from 100 to 1000 and a heat flux ranged from 100 to 300 W.

The physical dimensions of the MCHS are presented in Table 1, whereas the thermophysical
properties of the fluid and the solid nanoparticles are presented in Table 2.

2.2. Governing equations

For the specific case of heated flow through an MCHS, the conventional Navier–Stokes and
energy equations are solved with the following assumptions:

(1) Both the fluid flow and heat transfer are three-dimensional and at steady-state condition.
(2) Fluid is a single phase and incompressible, and the flow is laminar.
(3) Properties of both the fluid and the heat sink material are temperature-independent.
(4) The gravitational force and radiation heat transfer are negligible.

The dimensionless governing equation forms which are used in present study for heated MCHS
can be written as

Continuity:
@U
@X

þ @V
@Y

þ @W
@Z

¼ 0 (1)

Momentum:

X-Momentum: U
@U
@X

þ V
@U
@Y

þW
@U
@Z

¼ � @P
@X

þ 1
Renf

@2U
@X2

þ @2U
@Y2

þ @2U
@Z2

� �
(2)

Y-Momentum: U
@V
@X

þ V
@V
@Y

þW
@V
@Z

¼ � @P
@Y

þ 1
Renf

@2V
@X2

þ @2V
@Y2

þ @2V
@Z2

� �
(3)

Z-Momentum: U
@W
@X

þ V
@W
@Y

þW
@W
@Z

¼ � @P
@Z

þ 1
Renf

@2W
@X2

þ @2W
@Y2

þ @2W
@Z2

� �
(4)

Energy: U
@Θ

@X
þ V

@Θ

@Y
þW

@Θ

@Z
¼ 1

Penf

@2Θ

@X2
þ @2Θ

@Y2
þ @2Θ

@Z2

� �
(5)

Table 1. Governing dimensions of the single MCHS.

L(cm) e (μm) d (μm) a (μm) b (μm) c (μm)

4.48 125 215 12,700 821 5637

Table 2. Thermophysical properties of the (Al2O3/H2O) and (Cu/Water) nanofluids at 293.15 K.

Material ρ (kg/m3) Cp (J/kg·K) k (W/mK) μ (kg/m·s)

Pure water 997.47 4180 0.6 9.45 × 10–4

Al2O3 3890 880 36 –
Cu 8930 383.1 386 –
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Energy solid regionsð Þ : @
2Θ

@X2 þ
@2Θ

@Y2 þ
@2Θ

@Z2 ¼ 0 (6)

where Penf¼ Prnf�Renf ; Renf ¼ ρnfuinDh

μnf
and Prnf ¼ μnf Cpð Þnf

knf
are the Peclet number, the Reynolds

number, and the Prandtl number, respectively.
In the aforementioned equations, the following dimensionless parameters are used:

X ¼ x
Dh

; Y ¼ y
Dh

; Z ¼ z
Dh

U ¼ u
uin

; V ¼ v
uin

; W ¼ w
uin

P ¼ p
ρu2in

; Θ ¼ T � Tin

Twall � Tin

(7)

The pressure drop is given as [50]:

Δp ¼ f
L
Dh

� �
ρnfu

2

2

� �
(8)

where f is the Darcy friction factor and Dh the hydraulic diameter:

Dh ¼ 4S
Pch

¼ 2bd
bþ d

(9)

The heat flux to channel is given by Qu and Mudawar [9,10]

q00ch ¼
q00bot � F
d þ 2b

(10)

The single phase local heat transfer coefficient along microchannel defined as

h ¼ q00ch
Tw � Tm

(11)

where Tw is the wall temperature and Tm is the mean fluid temperature evaluated by an energy
balance around the channel.

2.3. Boundary conditions

In order to compare the simulation results to the existing experimental results, the flow is
assumed fully developed at the channel outlet. The boundary condition of velocity inlet is
assumed uniform in this simulation, and the velocity is zero along all other solid boundaries.
All the surfaces of the heat sink exposed to the surroundings are assumed to be insulated except
the bottom plate of the heat sink where a constant heat flux boundary condition simulating the
heat generation from electronic chip is specified. Detailed description of boundary conditions in
mathematical expressions is listed as follows:
At the inlet:

U ¼ 1 ; Θ ¼ 1 ; P ¼ Pin (12)

At the outlet:

P ¼ Pout ;
@Θ

@n
¼ 0 (13)
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At the fluid–solid interface:

U ¼ 0 ;Θs;Γ ¼ Θf ;Γ ; �ks
@Θs

@n

����
Γ

¼ �kf
@Θf

@n

����
Γ

(14)

At the bottom plate (heating area):

� ks
@Θs

@n

����
Γ

¼ q00bot (15)

At the top of the heat sink:

U ¼ 0;
@Θs

@n

����
Γ

¼ 0 (16)

2.4. Thermophysical properties of the nanofluid

In this study, the nanofluid is used as the working fluid. The physical properties of the nanofluid
are calculated using the following equations [51–53]:
Density:

ρnf ¼ 1� φð Þρf þ φρs (17)

Heat capacity:

ρCp
� �

nf ¼ 1� φð Þ ρCp
� �

f þ φ ρCp
� �

s (18)

In the present study, the empirical correlation for the thermal conductivity of Al2O3 nanofluid is
specified in literature [54,55] as follows:

knf
kf

¼ 1þ 64:7 φ0:746 df
ds

� �0:369 ks
kf

� �0:7476

Pr0:9955f Re1:2321f (19)

where Prf is the Prandtl number of water and Ref is the Reynolds number in Equation (19) or are
defined as

Prf ¼ μf
ρfαf

(20)

Ref ¼ ρfVBrds
μf

¼ ρkBT
3πμf

2lf
(21)

where VBr is the Brownian velocity of nanoparticles, lf is mean-free path of water molecular
(lf = 0.17 nm), kB is Boltzmann constant (kB = 1.3807 × 10–23 J/K) and μf has been calculated by
the following equation:

μf ¼ 2:414� 10�5 � 10
247:8
T� 140 (22)

The Hamilton–Crosser’s (H-C) [56] model of thermal conductivity of Cu–Water nanofluid
introduces the model which holds for non-spherical particles and takes account the shape factor
(n) as an experimental parameter for different types on nanoparticles which is given by

knf ¼ k ks þ n� 1ð Þkf � n� 1ð Þφ kf � ksð Þ½ � ks þ n� 1ð Þkf þ φ kf � ksð Þ½ ��1 (23)

where n = 3/ψ is the empirical shape factor and ψ is the particle sphericity. Sphericity is the ratio
of the surface area of a sphere with a volume equal to that of the particle to the surface area of the
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particle; for a spherical particle (n = 3) and in that case the H-C model becomes identical to the
Maxwell model [57,58]. In this context, a correlation proposed by Maiga et al. [59] for dynamic
viscosity based on fitting curves through regression analysis of experimental data is used:

μnf ¼ 123φ2 þ 7:3φþ 1
� �

μf (24)

3. Numerical solution using CFD

A FLUENT CFD code was devised to solve the governing integral equations for the conservation
of mass and momentum with the prescribed boundary conditions [60]. Also, for this case, the two
heat transfer modes are coupled by the continuities of temperature and heat flux at the interface
between the solid and fluid. The SIMPLEC algorithm [61,62] was chosen for the pressure–velocity
coupling with a first-order upwind scheme for discretisation of convective transport terms.
Double-precision solver is selected. The convergence criteria are set at 10–6 for continuity and
momentum equations, while for energy equation the convergence is set at 10–8. The novelty in the
present numerical work is that the governing equations are expressed in the dimensionless form,
which dominates the convergence problems for complex geometry or for natural convection
problem [60,62].

4. Validation and grid independence study

In CFD analysis, mesh quality has a significant impact on the solution time and accuracy as well
as the rate of convergence. In order to check the sensitivity of the numerical results to mesh size,
several different grid systems are used to test the grid independence of the solution. The regions
near to the solid–fluid interface are meshed denser with successive ratio of 1.016. This imple-
mentation is expected to give more accurate results than equally meshed geometries because the
velocity and the heat flux gradients are higher at the fluid–solid interface. On the other hand, the
meshes where adiabatic or symmetry boundaries are present are coarser. Thereby, the solution is
obtained for three non-uniform grid configurations corresponding to 187.900, 312.748 and
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454.327 hexahedral elements. Beyond 312.748 elements, the numerically predicted results are grid
independent.

In order to validate this CFD results obtained with use of the FLUENT commercial software,
the predictions of the fluid flow of Al2O3/H2O nanofluid (φ = 1%) in a smooth microtube with
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Figure 4. Comparison of experimental [13] and the numerically predicted friction factor variations with Reynolds number of: (a)
pure water; (b) 1% Al2O3/H2O nanofluid; (c) 2% Al2O3/H2O nanofluid.
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Reynolds number equal to 600 is compared with numerical and experimental data [63]. The
model validation was found to be in excellent agreement with experimental and numerical results
from other previous studies (Figure 2). Therefore, numerical code is credible to predict the
thermal and hydrodynamic behaviour of a nanofluid flow in an MCHS.

5. Results and discussion

5.1. Local heat transfer coefficient profile

Figure 3(a)–(c) shows the variation of the heat transfer coefficient along the length of the
channel. There is a large drop in the value of the heat flux computed at the inlet of the MCHS,
and then it reduces at a slow rate as the fluid moves towards the exit of the MCHS. This is due
to the high temperature gradient at the inlet as the fluid temperature entering the MCHS is fixed
at 303 K and as the fluid moves along the MCHS, the average bulk fluid temperature increases,
thus reducing the heat transfer rate to the fluid. Increasing the heat flux has a very weak effect
on the heat transfer coefficient for pure water, but an appreciable effect for the nanofluid.
Notice also the stronger effect of heat flux for 2% Al2O3 in Figure 3(c), compared to 1% Al2O3

in Figure 3(b).

5.2. Friction factor profile

A comparison between measured [13] and predicted friction factor versus the Reynolds number is
shown in Figure 4(a)–(c). These figures show that the friction factor is similar for all particle
volume fractions where the friction factor decreases with the increase of Reynolds number. It can
be stated that the increment in dynamic viscosity due to the presence of the nanoparticles in water
only appears to give a slight rise in friction factor especially for low Reynolds number.

In Figure 5, the friction factor variation versus Reynolds number for various particle volume
fractions is presented. It is observed that adding nanoparticles to the base fluid does not
remarkably increase the friction factor. The friction factor tends to slightly augment with an
increase in the volume concentration of the nanofluid.
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5.3. Pressure drop profile

A comparison between measured [13] and predicted pressure drop values with the Reynolds
number is shown in Figure 6(a)–(c). It can be seen that the pressure drop rises linearly with the
increase of the Reynolds number for various studied nanoparticle volume fractions because of
increased viscosity of the nanofluids. Figure 6(a)–(c) shows that both the computational model
and the experimental results can adequately predict the pressure drop across the MCHS.

The variations of pressure drop with the Reynolds number for various volume fractions of
nanoparticles are shown in Figure 7. The results indicate that the pressure drop of the nanofluids
increases with the Reynolds number. The calculated results showed 24% augmentation with
increase in the volume fraction of nanofluids from 0% to 2%.
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5.4. Wall temperature profile

The variation of the wall temperature along the microchannel for different flow rates and different
concentration level of nanoparticles is shown through Figures 8–13. Along the MCHS wall, the
temperature increases as the fluid goes from the inlet to the outlet for all cases. The CFD results
are also in good agreement with the experimental results [13].

The numerical results for the variation of wall temperature along MCHS for different flow rates
and Al2O3 concentrations and heat inputs are compared with the experimental data of Lee and
Mudawar [13]. Figure 14(a) and 14(b) shows a dependence of the wall temperature on the mass
flow rate. In fact, for the same heat flux, the decrease of the mass flow rate increases the local wall
temperature. Therefore, the only noticeable decrease in wall temperature is realised near the inlet
for the lower mass flow rate at the lower heat input. As the heat flux is increased to 300 W, a
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Figure 9. Comparison of the experimental [13] and the numerically predicted wall temperature profile for pure water at mass
flow rate of 5.55 g/s and two heat inputs of 100 W and 300 W.
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Figure 10. Comparison of the experimental [13] and the numerically predicted wall temperature profile for 1 % Al2O3/H2O
nanofluid at mass flow rate of 2.16 g/s and two heat inputs of 100 W and 300 W.
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decrease in the slope of the temperatures is observed for the lower mass flow rate, which indicates
an enhanced heat transfer rate. The comparison shows that CFD results can predict well the
experimental data.

5.5. Heat transfer coefficient for various nanofluids

Figure 15 illustrates the variation of the heat transfer coefficient along the MCHS for two types of
nanofluids. It is observed that the nanofluids-cooled MCHS could be able to enhance the heat
transfer compared with pure water. That, with 2% concentration of Al2O3/water nanofluid, 14%
increase in heat transfer coefficient was observed. Also, the heat transfer rate when using Cu–

300

310

320

330

340

0 0,01 0,02 0,03 0,04

W
al

l T
em

pe
ra

tu
re

 (
K

)

Z(m)
Experimental result at 100W Numerical result at 100W
Experimental result at 300W Numerical result at 300W

Figure 11. Comparison of the experimental [13] and the numerically predicted wall temperature profile for 1 % Al2O3/H2O
nanofluid at mass flow rate of 5.57 g/s and two heat inputs of 100 W and 300 W.
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Figure 12. Comparison of the experimental [13] and the numerically predicted wall temperature profile for 2 % Al2O3/H2O
nanofluid at mass flow rate of 2.09 g/s and two heat inputs of 100 W and 300 W.
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Figure 13. Comparison of the experimental [13] and the numerically predicted wall temperature profile for 2% Al2O3/H2O
nanofluid at mass flow rate of 5.49 g/s and two heat inputs of 100 W and 300 W.
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water is greater by 4% compared with Al2O3–water which may be due to higher thermal
conductivity of Cu–water.

5.6. Temperature and velocity contours

Figure 16 shows that the outlet temperature keeps on increasing as the heat flux augments because
the nanofluid heats up more and more due to the convective heat transfer. Moreover, the shown
temperature profiles are due to the assumption of hydrodynamic fully developed flow. Along the
flow direction, the temperature rises in the fluid and the solid regions of the MCHS; so at the heated
surface of the MCHS and in correspondence of the outlet, the highest temperature point is observed.
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Figure 15. Variation of local heat transfer coefficient along MCHS of Al2O3/H2O and Cu/H2O nanofluids for Re = 530 and
φ = 2%.
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Figure 16. Temperature contour in y–z plane (x = 0) and x–y plane (z = L) for φ = 2 % and different power inputs at (a)
Re = 140 and (b) Re = 500.
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The velocity contours at two Reynolds numbers and two values of heat inputs using a
nanofluid (φ = 2%) as the coolant are shown in Figure 17. The figure shows that the entrance
length increases with the increase of the Reynolds number.

6. Conclusion

The cooling efficiency of MCHS is numerically investigated using CFD simulations in this study.
The results obtained were compared with the available experimental results, and the numerical
simulation results showed good agreement with the experimental data. The MCHS performance
was evaluated in terms of the temperature and velocity profile, friction factors, convective heat
transfer coefficients, wall temperature and pressure drops. Based on the presented results, the
following conclusions can be drawn:

– The MCHS wall temperature decreased with the increase of nanoparticles volume fraction.
There was no apparent difference in the results between nanofluids and pure water at lower
heat flux conditions.

– A small effect was noted for increased heat flow for pure water. Inversely, an increase in the
nanoparticles volume fraction indicated a stronger effect of heat flux.

– The pressure drop of the nanofluids increased with the increase of Reynolds number. The
calculated results showed the 24% augmentation with increase of the volume fraction of
nanofluids from 0% to 2%.

– The presence of the nanoparticles in water flowing through the MCHS appeared to give only
a slight rise in the friction factor values. As the Reynolds number increased, the friction
factor decreased. At the entrance of the MCHS, a remarkable drop in the value of the heat
flow was noted.

– The presence of nanoparticles substantially increased the heat transfer coefficient by increas-
ing the heat flux. In the case of pure water, increasing the heat flux did not affect the heat
transfer coefficient.
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Figure 17. Velocity contour in y–z plane (x = 0) and x–y plane (z = L) for; φ = 2 % and different power inputs at (a) Re = 140
and (b) Re = 500.
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– The calculated results showed that the heat transfer performance of Al2O3–water and Cu–
water nanofluids was about 14–20% better than that of pure water.

– Comparison of the numerical results with the experimental data available in the literature
indicated that the hydrodynamic assumption, developed for fully laminar flow, was valid.

Acknowledgements

The authors thank Professor Mounir Baccar and Dr Wahid Massmoudi, National School of Engineers of Sfax,
Tunisia, Mechanical Engineering Department and Head of the Research Unit, Computational Fluid Dynamics and
Transfer Phenomena, for authorising us to use the commercial CFD code FLUENT.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID
L. Snoussi http://orcid.org/0000-0002-5136-9911
N. Ouerfelli http://orcid.org/0000-0002-8343-0510

Nomenclature

L Microchannel length (m)
b Microchannel depth (m)
Cp Specific heat capacity (J kg−1 K−1)
d Microchannel width (m)
df Molecular diameter of the base fluid (m)
ds Nanoparticle diameter (m)
Dh Hydraulic diameter (m)
F Width of unit cell microchannel (m)
f Friction factor
g Gravitational acceleration (m s−2)
h Heat transfer coefficient (W.m−2.K−1)
k Thermal conductivity (W.m−2.K−1)
p Pressure (Pa)
P Dimensionless pressure
S Channel flow area (m2)
Δp Pressure drop (Pa)
Pch Channel wet perimeter (m)
Pw Total electric power input
Pr Prandtl number
Q Total heat transfer (W)
q” Heat flux through heat sink base area (W/m2)
Re Reynolds number, Re ¼ Dh�uin�ρ

μf
u, v,w Dimensional velocity component (ms−1)
U, V,W Dimensionless velocity component
x, y,z Cartesian coordinates (m)
X, Y,Z Dimensionless coordinates
Greek Symbols
α Thermal diffusivity (m2s−1)
β Thermal expansion coefficient (K−1)
Θ Dimensionless temperature
μ Dynamic viscosity (kg.m−1.s−1)
φ Volume fraction of nanofluids
ρ Density (kg.m−3)
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ν Kinematic viscosity (m2s−1)
Subscripts
f Fluid
s Solis
h Hot
c Cold
nf Nanofluid
bot bottom area
ch Channel
in inlet
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