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Abstract: The presented paper reports the analysis of the flows characteristic of TiO,-water nanofluid flowing inside a
horizontal microchannel with circular cross section area. The flow is investigated by CFD techniques using a finite volume
method. A recently introduced viscosity correlation was used to model the effective viscosity of the nanofluid. A range of Re
number is tested in the present study. Various temperature ranges were used as constant temperature boundary conditions. The
increase of the nanoparticle volume fraction was found to increase the heat transfer rate; water showed less enhancement in
heat transfer compared to the nanofluid. The increase in Re number promoted Nu number. The effect of the temperature on the
effective viscosity in the channel was also reported. The change of the velocity in the entrance region was studied and
discussed. The velocity gradient in the microchannel is calculated, and the results are shown and discussed.
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1. Introduction

The substantial developments in electronics, power
stations, optical devices, transportation and many other
applications lead to an increased need for high heat flux
dissipation. Such applications can be micro-heat exchangers,
micro-heat sink, micro-nozzle, and micro-reactor. These
devices have many advantages; one of which is their larger
component parts. The most superior feature of micro-heat
exchangers is their ability to work with close approach
temperatures, which provides high effectiveness. Their
features can be summarized as:

a High surface area per volume ratios.

b High heat transfer coefficients.

¢ Low thermal resistances.

In the last two decades, the nanofluids have been
investigated in many industrial applications due to their

exceptional thermophysical properties in comparison to the
conventional fluids such as water which inherently has

limited thermal conductivity. Since Choi [1] first introduced
the nanofluid concept, many researchers investigated the
nanofluid enhancement in various applications. The
microchannel heat sink attracted many researchers due to
their properties and demanding applications. Koo et al. [2]
studied the laminar flow in microchannel heat pipe and their
aspect ratio; they found that the channel with high aspect
ratio is desirable. Chevallier et al. [3] investigated the
rheological properties of nanofluid flowing in the
microchannel.

Nguyen et al. [4] investigated the laminar flow in
microchannel using single and two-phase models. The results
revealed that the wall heat transfer coefficient enhanced with
the increase in Re number and the increase in the volume
fraction. Jie et al. [5] studied the entropy generation in a
microchannel; they highlighted that the friction factor
entropy generation becomes more important with the
increase in the inlet velocity.

Walchli et al. [6] tested the microchannel performance
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cooling. They proposed to limit the complexity of a three-
dimensional CFD model to the modeling of only the unit cell
of the heat exchanging meshes in microchannels.

Kalteh et al. [7] conducted an experimental and numerical
study to investigate the heat transfer performance in
microchannels. They found that the nanofluid can be
considered as a homogeneous mixture and the velocity and
temperature profiles for two-phase results are flatter than the
base water or homogeneous model profiles.

Mohammed et al. [8] highlighted the deviations in some
results in experimental and numerical results in microchannel
applications using nanofluids. Vivekanand et al. [9] studied
the evaporation heat transfer in a rectangular microchannel.
They showed that the vapor volume fraction varies
substantially when the heat flux boundary condition is
applied at the wall. Chein and Huang [10] investigated the
heat performance of Cu-water nanofluid in a microchannel.
They highlighted that the heat performances significantly
improved due to the augmentation in the thermal
conductivity. However adding nanoparticles to the base fluid
showed no penalty in the pressure drop. The cooling
performance of the nanofluid in a microchannel heat sink
was studied numerically by Jang and Choi [11]. The results
showed that the cooling heat transfer is enhanced by up to
10% compared with water base fluid.

Chein and Chuang [12] investigated theoretically and
experimentally the heat performance for cuo-water nanofluid
in microchannel heat sink. They reported that nanofluid
absorbed more energy than water-base fluid at low flow rate.
At higher flow rates, the increase in nanoparticles did not
show any further heat absorption. The observed wall
temperature variations were in agreement with the theoretical
calculations at low flow rate. However, at a higher flow rate,
the measured wall temperatures were in discrepancy with the
theoretical calculations. Only marginal increase in pressure
drop due to the presence of nanoparticles was detected.

The effect of the height of the microchannel and the
volume concentration on the heat transfer performance was
investigated experimentally by Manay and Sahin [13] for
TiO,-water nanofluid under constant heat flux. Four different
heights were tested (200, 300, 400 and 500 um) for various
volume fractions. They observed an improvement in the heat
transfer for all volume concentrations tested. However, no
enhancement was reported for volume concentrations greater
than 2%. The decrease in the microchannel height increased
the heat transfer under constant width. Among the
microchannel heights tested, the channel with height 200 um
showed the highest heat transfer rate. On the other hand, an
increase of 10-50% in the friction factor was reported when
decreasing the microchannel height from 500 to 200 pm.

An experimental investigation on the enhancement of
Al,O3-water nanofluid in a microchannel was investigated by
Lee and Mudawar [14]. The augmentation in the thermal
conductivity enhanced the heat single-phase transfer.
However, this enhancement was observed on the laminar
flow only, when in the turbulent flow insignificant
enhancement was observed. They attributed this weak

enhancement to the lack of dependence of the heat transfer
on the thermophysical properties in the turbulent region. The
water-based fluid showed less heat transfer compared to the
nanofluid. However, the enhancement in the heat transfer
was observed in the entrance region only, where in the fully
developed region they reported an insignificant heat transfer
improvement.

Byrne et al. [15] conducted an experimental investigation
on the thermal performance of CuO-water nanofluid in a
rectangular microchannel. An increase in the heat transfer
rate of up to 17% was observed at a volume concentration of
0.01%. However, insignificant increase in the pumping
power was reported. They suggested that using the
surfactants is crucial for homogenous dispersion of the
nanoparticles in the fluid. Hung et al. [16] presented a
numerical study on the enhancing of the heat transfer for
various nanofluids in a microchannel. The highest heat
transfer predicted in their study was achieved when using
Al,Os;—water nanofluid of about 21.6% compared to the water
base fluid. Their predictions showed that when the volume
fraction increased, the thermal resistance decreased and then
increased. According to their simulations, the heat transfer
improved with the decrease in the nanoparticle diameter.

Jung et al. [17] investigated experimentally the convective
heat transfer performance for Al203-water nanofluid in a
microchannel. Their measurement for the heat transfer
coefficient in the laminar regime showed an increase up to
32% in comparison to the water base fluid. The Nusselt
number showed measured increases with increasing the
Reynolds number in the laminar flow regime. However, their
results for Nu number are not in agreement with the
conventional correlations calculations.

The heat transfer enhancement in a microchannel for SiO2-
water nanofluid was investigated experimentally by Anoop et
al. [18]. The measured viscosity was enhanced up to 7%; the
heat transfer deteriorated when the nanofluid flow rate
increased beyond a critical value. Before the critical value,
the heat transfer was improved. Tokit et al [19] investigated
the heat transfer and the fluid flow for three different
nanofluids in a rectangular microchannel. The highest
augmentation in the thermal conductivity among the different
nanofluids was 1.18% for Al203. However the relative Nu
number Nu,/Nu,, improvement was 2.67%.

A three-dimensional numerical study on the thermal
performance in a microchannel with double layer was
presented by Hung and Yan [20] for Al203-water nanofluid.
Their predictions revealed that the maximum enhancement in
the microchannel could be achieved when Al203-water
nanofluid was used. The thermal resistance was reduced by
correctly altering the volume concentration under different
pumping powers. Furthermore, the minimum thermal
resistance can be affected by the geometric parameters. They
reported that the thermal performance could be enhanced by
increasing the width ratio of the microchannel or decreasing
channel aspect ratio. At a given pumping power an
enhancement in the thermal performance was 26% at a
volume fraction at 1% over that of pure water.
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Malvandi et al. [21] investigated theoretically the
migration of the nanoparticle influence on the convective
heat transfer in a vertical microchannel for Al203-water
nanofluid. They revealed that the effect of the temperature-
dependent buoyancy is minor; however, a significant effect
of the concentration-dependent buoyancy on flow and heat
transfer characteristics was reported. Malvandi et al. [22]
presented a theoretical study on the nanoparticle migration
effect on the fully developed flow under laminar region using
Al203-water in a microchannel. They reported that the
buoyancy effect was improved; however, there was an
acceleration in the velocity near the walls, where there was
no acceleration in the velocity in the core. They reported that
the buoyancy influence had a negative impact on the cooling
performance. This negative effect significantly depends on
the nanoparticle diameter.

Zhang et al [23] conducted an experimental investigation
to study the heat transfer and flow characteristics of TiOy—
water nanofluids in a multiport minichannel tube. They
highlighted that 0.01% was the optimal nanofluids volume
fraction and its enhancement of heat transfer being 61% at
the Re number 6100

Different  configurations of microchannels  were
investigated by several researchers. Kuppusamy et al. [24]
studied the geometrical parameters for four different
nanofluids in a trapezoidal microchannel. Their predictions
revealed that the increase in the maximum width and the
decrease in the minimum width of the trapezoidal
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demonstrated the highest thermal performance; this
suggested that the triangular cross section would be
recommended in comparison to the rectangular cross section
microchannels.

The heat transfer enhancement in a Serpentine Shaped
microchannel was experimentally investigated by Sivakumar
et al. [25]. Four different configurations were tested using
Al2O3-water for volume concentrations up to 0.1%. They
highlighted that the pressure drop increased with the decrease
in the microchannel hydraulic diameter. Furthermore, the
heat transfer improvement is a function of the hydraulic
diameter and the microchannel dimensions.

The present work aims to investigate the enhancement of
heat transfer rate in a microchannel with TiO,-water
nanofluid flowing inside with a circular cross section
subjected to a constant temperature boundary condition on
the wall.

2. Problem Description

The geometry considered in this study is shown in Figure
1, a microchannel with length 4 cm and a diameter 106 um
with constant external temperature. The nanofluid enters the
pipe with temperature T,=300 K and uniform axial inlet
velocity. At the pipe exit, a fully developed flow condition is
considered. The fluid considered in this study is TiO,-water
nanofluid. The properties of the nanoparticles are shown in
Table 1.

Table 1. Nanoparticle thermophysical properties.

Nanoparticle Density Kg/m® Thermal conductivity w.m™.k Specific heat J.kg".k"'
TiO, 4250 8.93 686.2
the continuity equation, momentum equation, and energy
/ equation. The continuity equation can be written as:
\ V(pv) =0 (1
T\;\.‘ The momentum equation is expressed as:
It V(o) v =-Vp+ V(@) +pg+F )
The energy equation can be written as:
D
@ A VB(PE + P)) = V(Kuf VT =S hiJ; + (15)  (3)
Q The thermophysical properties for the nanofluid are

L,(u(

Figure 1. Geometry of the microchannel.

3. Governing Equations and
Thermophysical Properties of
Nanofluid

The governing equations solved in the present study are

expressed as a function of the volume fraction, nanoparticle
properties and the thermophysical properties of the base fluid
which is water in the present study.

The nanofluid density is written as:

Py = (1= P)ps + Bps “4)
The specific heat of the nanofluid is expressed as:
o =0)ec,), +e(ec,), (5)

pnf

Py

The thermal conductivity can be calculated as:
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_ Ks+2K ;—20(K f~ks)
Kerr = Ky <—KS+2Kf+Q,(Kf_kS) (6)
The effective viscosity is written as [26]:
:ueff = ﬂf(l + 5@ + 80@2 + 160@3) (7)
The heat transfer coefficient can be written as:
_ 0
=2 (®)
(TH -T. )
Nu number is calculated as:
hL
Nu=— 9
u== )
Re number is expressed as:
_ U
Re = p (10)

4. Numerical Procedure

The governing equations (1), (2) and (3) were solved with the
boundary conditions numerically using ANSYS 15.0 [27]. The
computational domain was discretized in ANSY'S meshing, and
the governing equations were solved together with the boundary
conditions in ANSYS FLUENT. The CFD code is based on the
finite volume method and SIMPLE algorithm that solves the
governing equations. The approach is well known for the
solution stability. Second-order upwind schemes were used for
the convective fluxes. Convergence was achieved with residuals
less than 107 for all governing equations.

30

4.1. Mesh dependency Test

To ensure the solution is mesh independent, the maximum
Nu number at the outer surface was used. The solution is
chosen to be mesh independent when the percentage change
in maximum Nu remained less than 1% to provide a mesh-
independent predictions for all simulations in the present
investigation. Table 2 shows the mesh dependency test for
maximum Nu and it is clearly seen that for the mesh with
1015454 elements the maximum Nu becomes insensitive to
any further refinement and therefore the mesh was selected
for the solution.

Table 2. Mesh dependency test.

Mesh No. of Elements NUpax
1 926408 113.26
2 1010200 116.65
3 1015454 119

4 1020040 119.24

4.2. Results Validations

The computational model is first validated with the
numerical and experimental data from Lee [28]. The volume
fraction in equations (4-7) goes to zero. The results are
shown in Figure 2. The graph shown represents the relation
between Re number and Nu number. As the Re number
increases, the Nu number increase. It can be clearly seen the
present predictions agree well with the numerical and
experimental work by Lee. The results of the present
investigations are presented in the next section.

Nu
=
LUy

|||||r|i~f||||||||||||||||||||||

o 0__0 0 aa-
05 GRR- -zt AT AR

O LeeEXP

& Lee Num

----- Present simulation

500 700 900
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Figure 2. Results validations.

5. Results and Discussions

The numerical simulations were performed, and the results
and the discussions are presented in this section.

The change of the velocity profile in the entrance region is
investigated, the results are shown in Figure 3. The graph
depicts the u velocity profile at a different distance from the
microchannel inlet. The profile of the velocity is tested at 0.8
mm, 4 mm, 9 mm and 20 mm from the entrance region. The
y-axis represents the u velocity and x axis represents a

vertical line in the microchannel entrance at a certain
distance as shown in the Figure 3. The change of the velocity
at the end of the entrance region is a parabola, at that point,
the flow is fully developed, and there is no change in the
velocity with time, i.e., the velocity becomes constant at that
point onward. However the velocity at x=0.8 mm from the
entrance shows the minimum velocity, which is resulted from
the inlet boundary conditions. The more the flow departs
from the inlet, the more the magnitude of the velocity until
the flow becomes fully developed
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Figure 3. Velocity change in the entrance region.

The viscosity change in the entrance region was also
investigated. The understanding of the viscosity change in
the microchannels is essential as the viscous dissipation is
reported several times in the literature. The change of the
viscosity is illustrated in Figure 4. As the viscosity decreases
with the increase in the temperature, so it is anticipated that
the viscosity has the maximum value in the entrance of the
microchannel. The viscosity is calculated at various distances
from the entrance ranging from 0.5 mm to 20 mm where the
temperature is constant from that point towards the x-axis of
the channel. The reason for this is attributed to the increase in

the temperature as a result of the external constant
temperature whish was assumed as an external boundary
condition. The vertical line where the viscosity predicted is
located at the diameter of the microchannel. By looking at
the constant viscosity at a distance 0.5 mm at the vertical line
along the y-axis, this constant value changes suddenly at the
near wall region of the microchannel. This sudden change is
a result of the viscous layer which has the maximum value
near the wall. Again the viscosity is a function of the
temperature so, by increasing the temperature when the flow
enters the microchannel, the viscosity will decrease.

Figure 4. Viscosity change in the entrance of the microchannel.

In order to investigate the heat transfer enhancement, Nu
predictions were also studied. The calculations of Nu for
various volume fractions are shown in Figure 5. The range of
volume concentrations tested in the present investigations
ranges from 2% to 6% as well as water. It is found that Nu
begins with a maximum value and decreases along the
microchannel wall where it remains unchanged. Also from
Figure 5, the effect of the the volume fraction on the Nu was
found in favor of the heat transfer rate. The increase in the
volume fraction significantly improved the heat transfer. The
weakest heat performance was shown in the case of water
working fluid. The reason behind the promoted heat transfer
rate as the volume fraction increases is the augmentation in
the thermal conductivity due to the presence of the
nanoparticles in the fluid. As the thermal conductivity of the

working fluid increased rapidly, the nanofluid demonstrated
an improvement in the heat transfer.

5.24

424 |

Nu

Figure 5. The effect of volume fraction on Nu along the microchannel.
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The drop in the pressure is also investigated for several Re
numbers. The understanding of this change is crucial for
optimum pump design. The change in the pressure along the
microchannel for different Re numbers is shown in Figure 6.
The range of Re number was from 200 to 1800. The pressure
declined along with the microchannel where at the end of the
channel zero gauge pressure was assumed. It can be seen that
the increase in the Re number will result in the increase in the
pressure. This has a negative impact on the pump power. On
the other hand, it is that increase in the Re number which
promotes the heat transfer.

Figure 6. The pressure drop in the microchannel.

The change of the Temperature in the microchannel was
also studied in the entrance region. The temperature variation
at certain distances is shown in Figure 7. The temperature has
the minimum value at the entrance where the fluid enters the
microchannel with constant temperature 300 K°. As a result
of the heat transfer, the temperature of the fluid increased
gradually with the x-axis until the flow becomes fully
developed where the temperature remained unchanged. At
x=0.5 mm the temperature has the lowest value (300 K°)
which is the same temperature of the inlet boundary
condition. At X=20 mm the temperature increased to the
maximum value at the center line of the microchannel.

The effect of the hydraulic diameter of the microchannel
on the heat transfer rate was also investigated and the results
are shown in Figure.

Figure 7. The temperature change in the entrance region.

The graph illustrates the variation of Nu number on the
wall of the channel with three hydraulic diameters 106, 200
and 300 pm at at constant Re number. From the Figure, it is

clearly seen that the Nu number enhanced with the increase
in the hydraulic diameter as the tested diameter 300 um
showed the highest heat transfer rate among the diameters
tested. The improvement in Nu was remarkable in the
developing region as anticipated. The reason behind this is
the significant temperature change in this area.

60
50

40 —D=300
30 —D=200

Nu

10

0 L " L L 1

0 0.02 0.04
Xm

Figure 8. Effect of hydraulic diameter on Nu.

The present study explored the velocity gradient change in
the microchannel. The u-velocity gradient change in the
vertical line located at the diameter of the microchannel at
several locations from the flow entry is calculated, and the
results are shown in Figure 9. At the fully developed region
the velocity gradient becomes constant where at x=0.5 mm,
the u-velocity gradient has the value change in the vertical
line particularly near the wall. However, the value is constant
far from the wall. This illustrates that the change of the
velocity gradient is significant in the near wall region.

Figure 9. The velocity gradient at vertical line in the entrance region.

6. Conclusions

The characteristic of the flow of TiO,-water nanofluid is
investigated in the present study. The change of the temperature
in the microchannel and in particular in the entrance region was
studied and discussed. The effect of the volume fraction on the
enhancement of the heat transfer is investigated, and the increase
was found in favor of the heat transfer.

The velocity variation in the entrance region was tested at
various locations from the microchannel entry. The velocity
gradient was also calculated, and the results were presented.

It was found that water has the lowest heat transfer
performance. The increase in Re number enhanced the heat
transfer rate remarkably.
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The Nu number improved considerably with the increase
in Hydraulic diameter of the microchannel.

Nomenclature

A Area [m’]

k Thermal Conductivity [W/m’K]
q" Heat Flux [W/m’K]

Cp Specific Heat at Constant Pressure [Kj kg™ K]
Cf Skin Friction Factor

D Diameter m

n Viscosity [kg m™ 5]

p Density [Kg.m™]

¢ Volume Fraction

T Temperature [0K]

h Heat Transfer Coefficient

L Length [m]

Re Reynolds Number=uDp/p

Nu Nusselt Number=hD/K

v’© Velocity vector
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