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Abstract: In this work, heat transfer behaviour from a 

isothermal-walled micro channel has been investigated by using 
Al2O3-water nanofluid as working fluid. A computational 
simulation has been carried out for high Reynolds number flow, 
having different volume fraction of nanoparticles added to it such 
as; 0%, 1%, 4% and 6%.  It has been observed that the properties 
such as; density, thermal conductivity and viscosity increase with 
increase in nanoparticles. On the other hand, with increase in the 
volume fraction of nanoparticles, the specific heat decreases. It 
also has been observed that the heat transfer from the hot wall 
increases with Reynolds number and addition of nanoparticles to 
the nanofluid as well. The friction factor for the flow system 
decreases with increase the Reynolds number, but for different 
nanofluids its value is very much closer to each other. With 
increase in volume fraction of nanoparticles, the pumping power 
increases. Moreover, with increase in Reynolds number, pumping 
power increases. 
 

Keywords: Al2O3-water nanofluid, heat transfer, pumping 
power 

I. INTRODUCTION 

To design various thermal systems, generally used in 

industries such as heat exchangers, cooling of electronic 
chips, solar thermal power plant etc., a precise heat transfer 
analysis must be required. Heat transfer is a phenomenon by 
which temperature of a system can be maintained according 
to the physical necessity. Convective heat transfer is affected 
passively by varying flow geometry, boundary conditions or 
by changing the thermal conductivity of the base fluid. In a 
convection process, amount of heat transfer is limited for a 
particular fluid due to its thermo physical properties. 
Therefore, for few decades of twentieth century, heat transfer 
through nanofluids becomes the centre of attraction for many 
researchers. Application of nanofluid is currently considered 
as one of the best method for heat transfer enhancement 
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where certain amount of metal particles of better thermal 
conductivity is suspended through a base fluid. Since water is 
the cheapest liquid available, water based nanofluids are 
generally used in various applications. However, chemically 
stable metals, metal oxides or carbon in various forms are 
typically used as nanoparticles. Water based Al2O3 nanofluid 
is the most popular and used widely in engineering 
applications for cheaper in price and better performance as 
well. In order to study the convective heat transfer 
performance of nanofluid, computational modelling now 
becomes a reliable tool in the field of engineering. Both 
single phase and multiphase approach are used for the 
simulation. In multiphase approach, both the base fluid and 
nanoparticles are taken as separate phases where as in single 
phase approach the nanoparticles-suspended nanofluid is 
considered as a single fluid. Rashidi et al. [1] investigated 
both the approaches and observed that the multiphase model 
predictions is little significant in the temperature field, while 
there is no much significance in the hydrodynamic field. Seyf 
et al. [2] studied the augmentation of heat transfer by using 
Al2O3-water nanofluid and CuO-water nanofluid. They found 
better heat transfer in case of Al2O3-water nanofluid when the 
particle diameter is less. Sharifi et al. [3] solved a single 
phase model considering the temperature dependent 
properties of Al2O3-EG water nanofluid. It has been observed 
that, with increase in water percentage in base fluid, heat 
transfer increases. Moreover, the heat transfer increases with 
increase in particle volume fraction and Reynolds number. 
Roy et al. [4] concluded that the conventional fluid like water 
is one of the best fluids for base fluid where even the addition 
of small amount of Al2O3 enhances the heat transfer rate. 
Sasmito et al. [5] recommended strongly using Al2O3 rather 
than CuO due to its better performance. However it has also 
been suggested that too much of increase in nanoparticles 
increases pumping power. Nguyen et al. [6] used Al2O3 
nanofluid for electronic chip cooling. It has been observed 
that 6.8 percent volume fraction of nanoparticles with water 
gives highest heat transfer coefficient.. 

In this work, we studied the enhancement of heat transfer 
by using Al2O3 nanoparticles with a wide range of volume 
fraction added in base fluid taken as water through a micro 
channel at very high Reynolds number flow. The entire 
problem has been analyzed by using CFD technique and the 
parameters have been calculated such as Nusselt number and 
friction factor to study the hydrodynamic and thermal 
behaviour of the flow. 
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II.  PHYSICAL MODEL AND COMPUTATIONAL 

MODELING 

Fig. 1 shows the physical model of the axi-symmetric 
channel with constant cross-section. In two dimensional 
forms, the computational domain of the channel of circular 
cross section is represented by a rectangle, as displayed. The 
diameter of 0.0005m and the length of 0.1m have been taken 
respectively. 

 
Fig. 1 Physical geometry and computational model 

A. Boundary Conditions 

No slip boundary conditions are considered for the wall 
surfaces, which are non-porous for which both the velocity 
components are set to zero. A constant wall temperature (350 
K) is taken for the channel wall. Axi-symmetry boundary 
condition was assigned at centerline. Velocity inlet boundary 
condition for inlet boundary and pressure outlet condition at 
outlet have been specified. Simulation has been conducted 
with four different Reynolds number such as 20000, 40000, 

60000 and 80000. Reynolds number is defined as  ,Re


vD
=

where  ρ is the density and μ is the viscosity of nano fluid 
calculated from the correlations given in the following 
sections and D is the diameter of the channel. A constant inlet 
temperature (290 K) was assigned at the channel inlet. The 
operating pressure is used as atmospheric pressure (1.01235 
bar). Inlet turbulent intensity and length scale has been 
calculated by using the empirical correlations given as [7]: 
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B. Governing equations 

In this work the suspended nanoparticles are assumed to be 
well dispersed throughout the base fluid. Therefore single 
phase approach has been considered for solving the 
governing equations in Eulerian frame. The slip velocity 
between base fluid and nanoparticles are assumed to be 
negligible. The equation given as follows for conservation of 
mass, or continuity equation, is solved with the help of CFD 
software Ansys Fluent 14.0.  

Conservation of mass 
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where, iu  and p are the time average mean flow velocity 

and time average mean pressure. The stress tensor in the 

momentum equation is expressed as 
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jiuu −    is the Reynolds stress and it is an additional term 

that has been formed due to time averaging. The Reynolds 
stresses in the momentum equation is expressed as the 
product of turbulent viscosity (t) and the fluid strain in terms 
of the mean velocities.

 In the two equation k-ε model of turbulence, the turbulent 
viscosity is expressed in terms of turbulent kinetic energy (k) 
and its dissipation rate (ε). The two turbulence quantities are 
evaluated by solving the respective conservation equations. 
In the standard k-ε model [8], the k and ε equations are 
expressed as follows: 
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In the above equations, Gk represents the generation of 
turbulent kinetic energy, which is expressed in terms of the 
mean velocity values as, 
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The turbulent viscosity is computed by combining k and ε 

values as,
 

,
2


 

k
Ct = where, C is a constant having a value 

of 0.09. The model constants C1ε, C2ε, k and ε in the k and ε 
equations have default values obtained empirically [9].   

 
C. Method of solution 

In this study, the solution of the flow field has been 
obtained by solving the conservation equations of Reynolds 
averaged mass and momentum for a steady, axi-symmetric 
case within the computational domain numerically. The 
gravity effect has been neglected. A pressure correction 
based iterative SIMPLE algorithm with second order upwind 
scheme is used in the specified solver in Ansys Fluent for 
discretizing the convective transport terms. The convergence 
criteria are specified as 10-4 for all the dependent variables 
except for the energy equation that has been specified as 10-6. 
The default values of under-relaxation factor are used in the 
simulation work. 

D. Thermophysical properties of nanofluid 

In this work, temperature independent properties are used 
to determine the thermo-physical properties of the nanofluid.  
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The correlation given in following equation is used to 
calculate the specific heat which is frequently used by various 
authors for Al2O3-water nanofluid [10-12]. 

( ) pbfnf CpCpCp  +−= 1             (9) 

 A well validated Pak and Cho model [10] given in 
following equation is used to determine the density of water 
based Al2O3 nanofluid.  

 
This model is used by various researchers [12-14] in their 

simulation work to analyze the heat transfer behavior of 
Al2O3-water nanofluid. 

( ) pbfnf  +−= 1
            (10) 

Viscosity is an important fluid property that largely affects 
the flow field. The correlation proposed by Maiga et al. [12] 
is used by different researchers to study the flow and heat 
transfer behaviour by using Al2O3-water nanofluid as coolant 
[15, 16]. The correlation for viscosity without considering the 
Brownian motion is expressed as:     
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Thermal conductivity is the vital physical property of 
nanofluid that is majorly responsible to determine the heat 
transfer capacity of a fluid. For thermal conductivity of 
Al2O3-water nanofluid at various nanoparticle volume 
fractions, the correlation developed by Maxwell [17] is used. 
Moreover, this model is used by various authors in their 
research works [18, 19]. The expression is given as:
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Where ρ represents the density, Cp represents the specific 
heat, μ represents the viscosity and k represents the thermal 
conductivity. The subscripts bf, p and nf stands for base fluid, 
nanoparticles and nanofluid respectively whereas φ is the 
volume fraction of nanoparticles. The physical properties of 
Al2O3 nanofluid at different nanoparticles volume fractions 
are given in Table-1. 

Table 1 Physical Properties of Al2O3 nanofluid 

E. Calculation of physical parameters 

The convective heat transfer of a system is represented 
by the two important parameters, namely convective heat 
transfer coefficient and Nusselt number. Average Nusselt 
number has been calculated by using the following equation 

as:  ,
k

hD
Nu =  where h  is the convective heat transfer 

coefficient and calculated from the basic equation for 

convection ( )bw TTh
A

Q
−= . Wall heat flux is obtained from 

the simulated result. The bulk mean temperature 
bT  is 

calculated as 
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=
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T  where, 

outT  is the mass 

weighted average at pipe outlet.  The friction factor ( f ) for 

the flow system has been evaluated by using the Darcy 

Weisbach formulation which is expressed as: ,
2

2

gD

fLv
hl =

where L is the length of the pipe, v is the average velocity at 
inlet, g is the acceleration due to gravity, D is the pipe 
diameter, f is the friction factor and hl is the head loss due to 

friction. hl has been evaluated as: 
g

pp
h inout

l


−
= . Pumping 

power is calculate as:  Pumping Power = ( outin pp −  ) × 

discharge, where, pout and pin are the mass weighted average 
pressure at outlet and inlet respectively. 

III. RESULTS AND DISCUSSION 

A.  Grid independence test and model validation     

The entire grid independence test has been carried out by 
using three different grid sizes such as 25 × 250, 50 × 500 and 
100 × 1000 with structured grid. In Fig. 2, axial velocity at 
the centre line of the pipe has been drawn. Just near the inlet, 
the axial velocity is same for all the grid sizes taken whereas 
at the fully developed region the result is closer for grid sizes 
of 50 × 500 and 100 × 1000 whereas the difference in the 
result is appreciable for grid size of 25 × 250. Therefore the 
grid size of 50 × 500 has been adopted for simulation to 
evaluate the results considering computational economy.  

The simulated average Nusselt number has been compared 
with the experimental values obtained by Pak-Cho. Fig. 3 
shows the validation for nanofluid with 4% volume fraction 
of Al2O3. The deviation is somewhat higher at lower 
Reynolds number, but the result is moderately validated at 
higher Reynolds number. However, the variation trend of 
Nusselt number with respect to Reynolds number is similar 
with Pak-Cho and it has been validated moderately. 

 
Fig. 2 Axial velocity at axis for Re = 20000 and 

nanoparticles volume fraction 4% 
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Fig. 3 Comparison of simulated average Nusselt number 

at various Reynolds number for 4% nanoparticles in 
nanofluid 

 
 

B.  Effect of Reynolds number on various flow and 
thermal parameters 

Fig. 4 depicts the distribution of non dimensional axial 
velocity along the axis for various Reynolds number for 4% 
volume fraction of Al2O3 in water. In Y-axis, 'v' represents 
the velocity inside the flow field and 'vo' represents the 
velocity at inlet. It is shown that the axial velocity gradually 
increases from the inlet to some distance towards the 
downstream. Due to the boundary layer growth around the 
pipe, fluid is being retarded within the boundary layer region. 
Therefore, in order to satisfy the continuity the axial velocity 
towards the centre gradually increases. However, within the 
fully developed region velocity remains constant up to the 
exit. The profile of axial velocity at the centre line shows a 
spike just before the starting of fully developed region unlike 
for the laminar flow. In turbulent flow, the turbulent intensity 
at the inlet is same throughout the inlet region. But at the 
downstream, the turbulent intensity becomes highest at the 
conjunction of boundary layers which is the starting of the 
fully developed region on the centre line. This causes an 
increased in axial velocity in order to compensate the radial 
velocity decrement which is shown as a spike at this region.  

 

Fig. 4 Axial velocity along the for 4% volume fraction of 
nanoparticles in nanofluid at various Reynolds number 

Moreover, it has been observed that the axial velocity at 
the centre line for low Reynolds number flow is higher 
throughout the length of the channel as compared to higher 
Reynolds number flow. With the higher velocity for higher 
Reynolds number, the boundary layer thickness becomes 
smaller and the effect of viscous resistance is limited to 
certain height. Therefore, the profile of axial velocity in 
radial direction become more uniform and the axial velocity 
becomes less for higher Reynolds number to satisfy the 
continuity theory.  

 

Fig. 5 Temperature along the axis for 4% volume fraction 
of nanoparticles in nanofluid at various Reynolds 

number  
Fig. 5 presents the bulk temperature of the nanofluid along 

the tube axis for ϕ = 4% at different Reynolds numbers. Up to 
certain length along the axis, the axial temperature remains 
same as the inlet temperature. It is because; the thermal 
boundary layer thickness is very small in this entrance region. 
As a result the heat from the wall is not being transferred into 
this region. After a certain distance along the axis the 
temperature increases along with the axis as the heat release 
from the wall is continuously added to the fluid up to the exit. 

Moreover, from Fig. 5, it has been observed that the 
temperature along the axis is higher in case of low Reynolds 
number flow than high Reynolds number flow. The flow with 
low velocity creates a thicker hydrodynamic boundary layer 
with a deprived velocity gradient. As a result, low Reynolds 
number flow causes a poor convective heat transfer that 
keeps a higher temperature along the axis. 

 

Fig. 6 Wall heat flux for 4% volume fraction of 
nanoparticles in nanofluid at various Reynolds number 

Fig. 6 shows the variation of heat flux along the channel 
wall. The wall heat flux at the inlet is the maximum. It is 
obvious that the fluid at the entrance is having the lowest 
temperature. Therefore, maximum amount of heat from the 
wall is conducted into the fluid due to highest temperature 
difference in between wall and fluid at entrance region. That 
causes a higher wall heat flux at the entrance. At the 
downstream, the fluid temperature increases by taking heat 
from the wall continuously up to the exit.  
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Therefore, due to lower temperature difference in between 
wall and fluid along the downstream, less amount of heat is 
transferred from the wall. That causes a lower wall heat flux 
along the downstream. 

It is observed from the Fig. 6 that at higher Reynolds 
number flow, wall heat flux is always higher all along the 
wall as compared to low Reynolds number flow. Because at 
higher Reynolds number flow, higher velocity of fluid near 
the wall takes the heat out at a higher rate. Therefore, in order 
to maintain a constant wall temperature a larger amount of 
heat is required to be transferred from the wall. That causes a 
higher wall heat flux in this case. 

 

Fig. 7 Temperature along the axis for various volume 
fraction of nanoparticles in nanofluid at Re=40000 

Fig. 7 depicts the effect of temperature along axis with 
various volume fractions of nanoparticles at Reynolds 
number of 40000.  It is a well known phenomenon that, heat 
transfer from the wall towards the centerline becomes more 
for the fluid with greater volume fraction of particles due to 
better diffusion of heat energy. But for same Reynolds 
number the calculated inlet velocity is higher due to change 
in fluid properties with the addition of particles. With higher 
volume fraction of nanoparticles, the kinematic viscosity of 
the nanofluid increases. For a given Reynolds number, the 
inlet velocity is higher for higher volume fraction of 
nanoparticles. Therefore, the heat loss from the wall has been 
dominated by convection as compared to diffusion for higher 
volume fraction nanofluid due to high inlet velocity. 

 
Fig. 8 Wall heat flux for various volume fraction of 

nanoparticles in nanofluid at Re=40000 

 
Fig. 9 Average Nusselt number at various volume 

fraction of nano particles for various Reynolds number 
flow  

It has been seen that irrespective of axial location, the wall 
heat flux is more for higher volume fraction of nanoparticles 
as shown in Fig. 8. This implies that with the addition of 
nanoparticles, heat transfer increases. Therefore, the heat 
transfer coefficient is higher with the addition of more 
nanoparticles in the base fluid and the average Nusselt 
number is always higher for higher volume fraction of 
nanoparticles. This is evident from Fig. 9. As Reynolds 
number increases, the average Nusselt number also increases. 
This is because the fluid velocity increases with Reynolds 
number which in turn enhances the convective heat transfer. 

C. Effect of Reynolds number and nanoparticles volume 
fraction on friction factor and pumping power 

Friction factor is an important parameter due to which the 
major loss during the flow occurs. Fig. 10 depicts the friction 
factors at various Reynolds number for fluid having 4% 
volume fraction of nanoparticles. From this figure, it is 
observed that the trend of friction factor line for different 
Reynolds number fairly follows the Moody's curve. We have 
also calculated the friction factor for different Reynolds 
number for the fluid with various volume fractions of 
nanoparticles. Fig. 10 shows the variation of friction factor 
with Reynolds number for the volume fraction of 4%. It is 
observed that the friction factor decreases with increase in 
Reynolds number. However, it has been observed that the 
flow having fluid with higher fraction of nanoparticles is 
insignificantly higher than the flow having lower volume 
fraction nanofluid.  

 
Fig. 10 Friction factor for various Reynolds number with 

4% volume fraction of nanoparticles 
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Fig. 11 Pumping power in watt for various Reynolds 

number with various volume fraction of nanoparticles in 
nanofluid 

From Fig. 11, it has been observed that the pumping power 
increases with increase in Reynolds number irrespective of 
nanoparticles fraction present in nanofluid. The pumping 
power depends on the friction factor and the velocity of the 
fluid. The change in friction factor is negligible with increase 
in volume fraction, but the change in velocity is significant 
for the same volume fraction. The effect of change in velocity 
dominates the effect of change in friction factor. So, the 
pressure drop along the length of the tube is higher for higher 
Reynolds number as head loss due to friction becomes high 
as flow velocity increases. Therefore, more pumping power 
is needed to drive the fluid for higher Reynolds number flow. 
For this, viscosity plays a major role. As the viscosity of the 
fluid increases with increase in fraction of nanoparticles, it 
creates a higher resistance to the fluid flow. For the fluid flow 
having lower fraction of nanoparticles, less pumping power is 
required because smaller viscosity creates less resistance to 
flow.  

IV. CONCLUSION 

A numerical study has been conducted to study the flow 
and heat transfer behavior through a circular channel for 
various nanofluids with a wide range of Reynolds numbers. 
In this study, Al2O3–water nanofluid has been used to pass  
through a micro channel. Along with this, the effect of 
volume fraction such as 0%, 1%, 4% and 6% has been studied 
on heat transfer and fluid flow. The variation of axial velocity 
along the axis, wall heat flux, axial temperature, friction 
factor, pumping power as well as the important non 
dimensional number such as Nusselt number is also 
considered to analyze the thermo fluidic behavior of the flow 
system. It has been found that the temperature along the axis 
is high with lower Reynolds number and lower volume 
fraction of nanoparticles. As regard to properties, the density, 
thermal conductivity and viscosity increase with 
nanoparticles. However, specific heat decreases with increase 
in the nanoparticles volume fraction. The friction factor for 
the flow system decreases with increase in the Reynolds 
number but for different nanofluids, its value is very much 
closer to each other. With increase in volume fraction of 
nanoparticles, the pumping power increases. Moreover, with 
increase in Reynolds number, pumping power increases. 
Further, the Nusselt number increases with increase in 
Reynolds number or the volume fraction. Therefore, it is 
concluded that even though higher volume fraction increases 
the heat transfer rate, it needs more pumping work due to its 

high viscosity and density. 
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