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ABSTRACT 

The nanoparticle migration effects on mixed convection of alumina/water nanofluid in a vertical 
microchannel in the presence of heat source/sink with asymmetric wall heating are theoretically investigated. 
The modified two-component heterogeneous model is employed for the nanofluid in the hypothesis that the 
Brownian motion and the thermophoresis are the only significant bases of nanoparticle migration. Because of 
low dimensional structures in microchannels, a linear slip condition is considered at the surfaces, which 
appropriately represents the non-equilibrium region near the interface. Considering hydrodynamically and 
thermally fully developed flow, the basic partial differential equations including the continuity, momentum, 
energy, and nanoparticle fraction have been reduced to two-point ordinary boundary value differential 
equations before they have been solved numerically. The scale analysis of governing equations has shown 
that the buoyancy effects due to the temperature distribution is insignificant, however, the buoyancy effects 
due to the concentration distribution of nanoparticles have considerable effects on the flow and heat transfer 
characteristics of nanofluids. It is also revealed that the imposed thermal asymmetry would change the 
direction of nanoparticle migration and distorts the symmetry of the velocity, temperature and nanoparticle 
concentration profiles. Moreover, the best performance of the system is achieved under one-sided heating and 
a greater slip velocity at the walls. 

Keywords: Nanofluid; Nanoparticles migration; Mixed convection; Thermal asymmetry; Microchannel; 
Modified Buongiorno’s Model. 

NOMENCLATURE 

cp specific heat at constant pressure 
DB Brownian diffusion coefficient 
DT thermophoresis diffusion coefficient 
h heat transfer coefficient  
H half of height of the channel  
k thermal conductivity  
kBO Boltzmann constant 

Nu Nusselt number 
NBT ratio of the Brownian to thermophoretic 
p pressure 
Iqw  surface heat flux 
T temperature  
 nanoparticle volume fraction 
γρ density 

1. INTRODUCTION

Economic incentives, energy saving and space 
considerations have increased efforts to construct a 
more efficient heat exchange equipment. In modern 
industrial applications, conventional techniques are 
not appropriate any longer and heat transfer 
enhancement methods are of main concerns of 
scientists. Generally, enhancement techniques can 
be divided into two groups: a) passive techniques 

which require special surface geometries Nobari 
and Malvandi (2013) , thermal packaging or fluid 
additives, and b) active techniques which require 
external forces such as an electrical and magnetic 
forces. The active techniques need additional power 
that increases initial capital and operational costs of 
the system, although they commonly present a 
higher augmentation. In contrast, the passive 
techniques do not require any direct input of 
external power; so, they hold the advantage over the 
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active techniques. These techniques generally use 
surface or geometrical modifications such 
microchannels or altering the working fluid such as 
Newtonian or non-Newtonian fluids. Usually 
channels with a hydraulic diameter below 5mm are 
categorized as microchannels that are widely used 
in efficient new cooling systems such as electronic 
devices, automobile cooling systems and heat pipes.  

The idea behind the fluid additives is to improve the 
thermal conductivity of the most common fluids 
such as water, oil, and ethylene-glycol mixture, 
which is emerged by Maxwell (1873). Later, many 
researchers studied the influence of solid-liquid 
mixtures on potential heat transfer enhancement. 
However, they were confronted with problems such 
as abrasion, clogging, fouling and additional 
pressure loss of the system which makes these 
unsuitable for heat transfer systems. In 1995, the 
word “nanofluid” was proposed by Choi (1995) to 
indicate dilute suspensions formed by 
functionalized nanoparticles smaller than 100nm in 
diameter which had already been created by 
Masuda et al. (1993) as Al2O3-water. These 
nanoparticles are fairly close in size to the 
molecules of the base fluid and, thus, can enable 
extremely stable suspensions with only slight 
gravitational settling over long periods. 

Aligned with the same proposition, theoretical 
studies emerged to model the nanofluid behaviors. 
There  were  commonly  two  models  to  develop  
the  mathematical model for transport behavior of  
nanofluids;  one is single component  
(homogeneous) model  where  the  thermophysical  
properties  of  base  fluid  are  modified  with  the 
nanoparticle  influenced  correlations  of  viscosity  
and  thermal  conductivity  and  another  is  two 
component (non-homogeneous) model, explained 
by Buongiorno (2006) which consists of two slip 
mechanisms;  Brownian  diffusion and 
thermophoresis.  Some  recent  investigations  show  
the  transport  process  in  nanofluid with  different  
physical  occurring  situations  by  considering  
single  as  well  as  two  component model. 
Buongiorno (2006) demonstrated that the 
homogeneous models tend to underpredict the 
nanofluid heat transfer coefficient, whereas the 
dispersion effect is completely negligible due to the 
nanoparticle size. Hence, Buongiorno developed an 
alternative model to explain the anomalous 
convective heat transfer in nanofluids and so 
eliminate the shortcomings of the homogeneous and 
dispersion models. He asserted that the anomalous 
heat transfer occurs due to particle migration in the 
fluid. Investigating the nanoparticle migration, he 
considered seven slip mechanisms — the inertia, 
Brownian diffusion, thermophoresis, 
diffusiophoresis, Magnus forces, fluid drainage, and 
gravity — and maintained that, of these seven, only 
Brownian diffusion and thermophoresis are 
important slip mechanisms in nanofluids. Taking 
this finding as a basis, he proposed a two-
component four-equation non-homogeneous 
equilibrium model for convective transport in 
nanofluids. The model has been used by Kuznetsov 
and Nield (2010) to study the influence of 

nanoparticles on the natural convection boundary-
layer flow past a vertical plate, Tzou (2008) for the 
analysis of nanofluid Bernard convection, Hwang et 
al. (2009) for the analysis of laminar forced 
convection. Then, a comprehensive survey of 
convective transport of nanofluids were conducted 
by Soleimani et al. (2012), Sheikholeslami et al. 
(2013), Sheikholeslami et al. (2013), 
Sheikholeslami et al. (2014), Rashidi et al. (2014), 
Rashidi et al. (2014), Mahmoodi and Hashemi 
(2012), Yadav et al. (2012), Yadav et al. (2013), 
Yadav et al. (2015), Shamshirband et al. (2015), 
Malvandi et al. (2014), Malvandi et al. (2014), and 
Ashorynejad et al. (2013). 

Recently, Buongiorno’s model has been modified 
by Yang et al. (2013) to fully account for the effects 
of the nanoparticle volume fraction. Malvandi et al. 
(2014), then, extended their study to consider the 
mutual effects of buoyancy and nanoparticle 
migration for mixed convection of nanofluids in 
vertical annular tubes. In another study, Malvandi 
and Ganji (2014) studied the impacts of 
nanoparticle migration on alumina/water nanofluids 
in a parallel-plate channel. They indicated that the 
motion of nanoparticles is from the adiabatic wall 
(nanoparticle depletion) to the cold wall 
(nanoparticle accumulation) which it leads to 
construction a non-uniform nanoparticle 
distribution. Later, the modified Buongiorno’s 
model has been applied to different heat transfer 
concepts including forced Malvandi and Ganji 
(2014), Malvandi et al. (2014),Moshizi et al. 
(2014), mixed (Ganji and Malvandi (2014), 
Malvandi and Ganji (2014), Malvandi et al. 
(2014)), and natural convection (Ganji and 
Malvandi (2014)). Recently, Hedayati and 
Domairry (2015) have analyzed the effect  of  
nanoparticles  migration  and  asymmetric  heating  
on  mixed  convection  of  TiO2-H2O nanofluid  
inside  a  vertical  microchannel. The results 
indicated that the modified model is an appropriate 
model for considering the effects of nanoparticle 
migration in nanofluids.  

In this paper, the laminar fully developed mixed 
convection of alumina/water nanofluid inside a 
vertical microchannel in presence of heat 
source/sink is investigated theoretically using the 
modified two-component heterogeneous model of 
Buongiorno Yang et al. (2013), Malvandi et al. 
(2014). Because of low dimensional structures in 
microchannels, a linear slip condition Malvandi et 
al. (2014) is considered at the surfaces, which 
appropriately represents the non-equilibrium region 
near the interface. The parallel flat surfaces making 
the microchannel boundaries were kept at constant 
but different heat fluxes. The thermal asymmetry 
thus imposed on the system changes the mechanism 
of nanoparticle migration which is one of the main 
motivations of this study. Note that the current 
study can be considered as an extended version of 
the authors’ previous work Malvandi et al. (2014), 
where the scale analysis of the governing equations 
has been added and the effects of the thermal 
asymmetry and heat generation/absorption are the 
novel and distinctive outcomes of this study which 
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have been considered. 

2. PROBLEM DESCRIPTION 

Consider a steady fully developed laminar flow of 
alumina/water nanofluid inside a vertical 
microchannel in the presence of heat source/sink 
which is oriented along the gravitational direction. 
The physical model is illustrated in Fig. 1, where 
the Cartesian coordinates x and y are aligned 
vertically and normal to the walls, respectively. The 
walls are heated uniformly by external means at a 

rate of 
,,

wrq  and 
,,

wlq  for the right and left walls, 

respectively. The ratio of the heat fluxes is 
,, ,,/wl wrq q  , which characterizes the degree of 

the thermal asymmetry.  
 

 
Fig. 1. The geometry of physical model and 

coordinate system. 

 

From the numerical solutions provided by Koo and 
Kleinstreuer (2005) for the most standard nanofluid 
flows inside a channel of around 50μm, the viscous 

dissipation is negligible. The flow has been 
assumed to be laminar, incompressible, and 
hydrodynamically and thermal fully developed. In 
addition, there are no chemical reaction and 
external forces in the flow and local thermal 
equilibrium has been assumed between 
nanoparticles and the base fluid. Consequently, the 
basic incompressible conservation equations of the 
mass, momentum, thermal energy, and nanoparticle 
fraction can be expressed in the following manner 
(Malvandi et al. (2014), Yang et al. (2013)): 
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Nanoparticle flux equation 
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where u, T and P represent the axial velocity, local 
temperature and pressure, respectively. Moreover, 
the Brownian diffusion coefficient DB and 
thermophoretic diffusion coefficient DT are defined  
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respectively, where kBO is the Boltzmann constant 
and dp is the nanoparticle diameter. Further, 

,  ,  ,  k c 
 
are the density, dynamic viscosity, 

thermal conductivity, and specific heat capacity of 
Al2O3-water nanofluid respectively, depending on 
the nanoparticle volume fraction as follows 
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and the thermophysical properties of water/alumina 
nanoparticle and base fluid (water) are also 
provided as follows Pak and Cho (1998) : 
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where bf stands for the base fluid and p for particle. 
Also, the boundary conditions can be expressed as 
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where N represents slip velocity factor. In Eq. (8), 
   / / / 0D B Ty D T T y       is obtained due to 

impermeable boundary conditions at the walls 
(Buongiorno (2006), Yang et al. (2013)) which 
means that Brownian diffusion and thermophoresis 
should be cancel out each other. Eqs. (1)-(3) can be 
simplified with the scale analysis. Let us consider 
our physical conditions, which are typically 
occurring in the flow of alumina/water nanofluids 
inside microchannels. Table 1 shows the device and 
material properties of typical water-based nanofluid 
with alumina nanoparticles, from which one can 
calculate the coefficients of the governing 
equations.  

Table 1 Device and material properties of 
alumina/water nanofluid 
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Considering Eq. (1), the scale analysis can be 
written as follows 
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From Eq. (9) it can be concluded that the buoyancy 
effects due to the temperature gradient (second RHS 
term) are negligible with respect to the buoyancy 
effects due to nanoparticle distribution (third RHS 
term) and also the shear stress terms (first RHS 

term). Thus, this term can be neglected from Eq. 
(1). On the other hand, the scale analysis for Eq. (2) 
can be expressed as 
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Above scale analysis indicated that the LHS term is 
in the same order of magnitude with the first and 
second terms of RHS term and these are about 105 
times more than the third term of it. In fact, heat 
transfer associated with nanoparticle diffusion (third 
RHS term) can be neglected in comparison with the 
other terms. Hence, the governing equations (Eqs. 
(1)-(3)) can be given as: 
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Equation (12) indicated that the energy equation for 
nanofluid is in the same form of regular fluid. As a 
result, the heat transfer in nanofluids only affected 
via the rheological and thermophysical properties 
which depend on nanoparticle distribution. After 
solving the equations, the average value of 
parameters required should be calculated over the 
cross-section by 
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and the bulk mean temperature is defined as 
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Due to the constant diffusion mass flux of nanofluid 
(Eq. (13)) and the impermeable wall condition, 
everywhere in the annulus, the Brownian diffusion 
flux and thermophoretic diffusion flux is canceled 

out ( T
B
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). By averaging Eq. (2) from 
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0y   to 2H  and according to the thermally fully 
developed condition for the uniform wall heat flux 

( / /
B

dT dx dT dx ) and introducing the following 

non-dimensional parametrs: 
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Eqs. (11)-(13) can be reduced as 
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with the boundary conditions 
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where the slip parameter  , the bulk mean 

dimensionless temperature *
BT  and the bulk mean 

nanoparticle volume fraction B  can be obtained 
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The Nusselt number at the left wall is defined as.  
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and, at the right wall 
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The Nusselt number based on the thermal 
conductivity of base fluid can be defined as the non-
dimensional heat transfer coefficient by 
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So, the total heat transfer coefficient enhancement 
and pressure drop may be evaluated as 
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3. NUMERICAL MODEL AND 

ACCURACY 

The Eqs. (17)-(19) are solved in conjuction with the 
boundary conditions of Eq. (20) by means of the 
Runge-Kutta-Fehlberg scheme. A Fortran code has 
been used to find the numerical solution of the 
present boundary value problem (BVP), the 
accuracy of which is shown elsewhere Malvandi et 
al. (2013),Malvandi et al. (2014) . Convergence 
criterion is considered to be 10-6 for relative errors 
of the velocity, temperature, and nanoparticle 
volume fraction. The numerical procedure involves 

a reciprocal algorithm in which w , 
*

pc u , and 

*T  are used to calculate the value of B , *
pc u , 

and *
T . The process is repeated until a prescribed 

value of B  reached, and the relative error between 

the assumed values of *
pc u

 
and *

T  with the 

calculated ones after solving Eqs. (17)-(19) is lower 
than 10-6. In view of helping others to regenerate 
their own results and provide possible future 
references, the numerical algorithm is shown 
graphically in Fig. 2.  

To check the accuracy of the numerical code, the 
results obtained for a horizontal parallel-plate 
channel with 0Nr     , and 1   are 
compared to the reported results of Yang et al. 
(2013)  in Table 2. Obviously, the results are in a 
desirable agreement. It must be mentioned that all 
the numeric results obtained here are carried out 

using the integration step 610d  . 
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Fig. 2. Algorithm of the numerical method. 

 
Table 2 Comparison of numerical results with 
the ones reported by Yang et al. (2013) when 

0, 1Nr       . 

B

 

B TN

 

Yang et al. 
(2013) 

Present work 

Nu  dpN  Nu  dpN  

0.0
2 

0.2 7.9486 30.975 7.95 30.776 

0.5 8.1393 37.925 8.141 37.47 

1 8.1890 42.098 8.192 41.742 

2 8.2139 44.732 8.210 44.558 

5 8.2346 46.488 8.225 46.532 
 

0.0
6 

0.2 7.534 18.854 7.540 18.627 
0.5 7.9361 29.667 7.923 29.498 
1 8.0771 36.784 7.961 36.590 
2 8.1476 41.589 8.016 41.521 

 

4. RESULTS AND DISCUSSION 

Migration of nanoparticles, the viscosity and 
thermal conductivity distributions are determined 
by the mutual effects of the Brownian diffusion and 
the thermophoresis. Here, these effects are 
considered by means of BTN , which is the ratio of 

Brownian diffusion to the thermoporesis. With 
20pd nm  and 0.1B  , the ratio of Brownian 

motion to thermophoretic forces NBT~1/dp can be 
changed over a wide range of 0.2 to 10 for 

alumina/water nanofluid. In addition, w B

w

T T

T



  

may change from 0 to 0.2, however, its effects on 
the solution is insignificant (see Refs. Yang et al. 
(2013),Yang et al. (2013) ); so the results has been 
carried for 0.1  .  

Figs. 3-6 show the effects of ,  ,  ,    and Nr, 
respectively, on the velocity (u/uB), temperature 

( *
T ), and nanoparticle volume fraction ( / B  ) 

profiles. The left wall is placed in 0  , whereas 
1   corresponds to the right wall. 

Regarding Fig. 3, for 1   the nanoparticle 
accumulation region is formed near the left wall, 
having a lower heat flux. Increasing   shifts the 
peak of the nanoparticle volume fraction toward the 
middle of the channel such that for 1   (thermal 
symmetry at the walls), the nanoparticle distribution 
becomes symmetric and nanoparticle accumulated 
region formed in the middle of the microchannel. 
Further, an increase in   leads the peak of the 
nanoparticle concentration to move toward the right 
wall. This is due to the fact that the thermophoresis, 
which is related to the temperature gradient, is the 
mechanism of the nanoparticle migration. Any 
change in   leads the temperature gradient at the 
walls to change, so changes the thermophoresis. For 

1  , the temperature gradient at the right wall is 
more than that at the left wall; so the nanoparticle 
migration from the right wall is greater, leading the 
nanoparticle accumulated region moves toward the 
left wall. This phenomena continues until 0  , in 
which there is no temperature gradient at the left 
wall; so a nanoparticle accumulation region formed 
on the left wall. The effects of   on nanoparticles 
concentration have considerable influence on the 
velocity and temperature profiles. Obviously, the 
velocity and temperature profiles are symmetric for 

1  , in which the nanoaprticle volume fraction is 
symmetric. For 1   the regular symmetry in the 
velocity profile disappears and the peak of the 
velocity profile shifts toward the right wall (the 
lower viscosity region), as   decreases. However, 
the dip point of the temperature profile increases 
and moves toward the left wall in which the 
nanoparticles accumulated (the higher thermal 
conductivity region). In fact, the velocity profile has 
a tendency to shift toward the nanoparticle depleted 
region, however, for the temperature profile it is the 
opposite.  

The effects of   is shown in Fig. 4. When there is 
a heat absorption ( 0  ), more energy will be 
absorbed by the fluid; so the dip of the temperature 
profile decreases. In fact, the temperature profile 
becomes to be more uniform for the negative values 
of  . This leads to an increase and a decrease in 
the temperature gradients at the left and right walls, 
respectively. Increasing the temperature gradient at 
the left wall enhances the nanoparticle migration 
there, whereas a drop in the temperature gradient at 
the right wall reduces the nanoparticle migration. 
Accordingly, the peak of the nanoparticle 
concentration decreases and nanoparticle 
distribution becomes more uniform; so, the velocity 
profile moves back toward the central region. In 
contrast, heat generation ( 0  ) increases the 
temperature gradients at the right wall and increases 
the nanoparticle migration there, whereas for the 
left wall it is the opposite. This is the reason that in 
the presence of heat generation, the velocity profiles 
moves toward the right wall. 
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(a) 

 
(b) 

 
(c) 

Fig. 3. The effects of   on (a) velocity ( Bu u ), 

(b) temperature ( *T ), and (c) nanoparticle 
distribution ( / B  ) profiles when 30Nr  , 

0.3
BT

N  ,  0.25  , 0.02B   and 0.01  . 

 
 
 
 
 
 

 
 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. The effects of   on (a) velocity ( Bu u ), 

(b) temperature ( *T ), and (c) nanoparticle 
distribution ( / B  ) profiles when 30Nr  , 

0.3BTN  ,  0.5  , 0.02B   and 0.01  . 
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(a) 

 
(b) 

 
(c) 
Fig. 5. The effects of λ on (a) velocity ( Bu u ), (b) 

temperature ( *T ), and (c) nanoparticle 
distribution ( / B  ) profiles when 30Nr  , 

0.3BTN  ,  0.5  , 0.02B   and 0.25  . 

 
The effects of the slip parameter is shown in Fig. 5. 
It is obvious that the slip parameter λ signifies the 
amount of slip velocity at the surface. Increasing λ 
leads to a rise in the slip velocity closer to the walls 
and because of the constant mass flow rate in the 
channel, the velocity in the core region reduces. In 
other words, the momentum in the core region shifts 
toward the walls and leads to a more uniform 
velocity profile, as λ increases. The momentum 

enrichments near the walls increase the heat 
removal ability of the flow and reduces the walls' 
temperature and its gradient. As a result, the 
nanoparticle migration from the heated walls 
reduces.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. The effects of Nr on (a) velocity ( Bu u ), 

(b) temperature (T*), and (c) nanoparticle 
distribution ( / B  ) profiles when 0.01  , 

0.3BTN  ,  0.5  , 0.02B   and 0.25  . 

 

Finally, an examination of Fig. 6 reveals a gradual 
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increase of the velocities of the fluid closed to the 
walls (the low viscosity region), followed by a 
decrease in the core region, as Nr increases. In fact, 
all of the incoming fluid is forced to move slowly 
close to the walls. Obviously, the momentum 
enrichments near the right wall (which has the 
lowest viscosity) are greater and reduce the 
temperature significantly. In addition, increasing Nr 
shifts the peak of the nanoparticle volume fraction 
toward the right wall and reduces the intensity of 
the nanoparticle depletion there.  

 

 
(a) 

 
(b) 

Fig. 7. The effects of ε on the heat transfer 
coefficient ratio (a), and the pressure drop ratio 

(b) when 0.01  , 30Nr  , 0.02B   and 

0.25  . 

 
Figs. 7 to 10 show the effects of the parameters ε,

  , λ, and Nr respectively, on (a) the heat transfer 
ratio, and (b) the pressure drop ratio. Regarding the 
figures, the pressure drop ratio has a decreasing 
trend with increasing BTN . Routinely, BTN is 

higher for smaller nanoparticles 
( ~ ~ 1 /BT B pN D d ); so using smaller 

nanoparticle reduces the increment of the pressure 
drop.  

 
(a) 

 
(b) 

Fig. 8. The effects of σ on the heat transfer 
coefficient ratio (a), and the pressure drop ratio 

(b) when 0.5  , 30Nr  , 0.02B   and 

0.01  . 

 
From Fig. 7, it is obvious that the heat flux ratio ε 
has significant effects on the heat transfer 
enhancement. Also, the variations of heat transfer 
enhancement with BTN is considerably affected by 

ε. It can be seen that for the symmetric thermal 
boundary condition ε=1, heat transfer enhances 
about 20% from all the values of BTN  which 

varies from 0.2 to 10. Employing asymmetric heat 
flux at the surfaces, reduces the heat transfer 
enhancement for the lower values of BTN . 

However, for the higher values of BTN , the heat 

transfer rate slighty increases. This is because with 
decreasing ε, the momentum enriches at the right 
wall and increases the advantage of the nanoparticle 
inclusion there (see Fig. 3a), however, the 
impoverishment of the local velocities at the left 
wall decreases the heat trasnfer rate. This 
phenomena is considerable for the lower values of 

BTN where the nanoparticle migration is 

significant.  



A. Malvandi and D. D. Ganji / JAFM, Vol. 9, No. 5, pp. 2277-2289, 2016.  
 

2286 

 
(a) 

 
(b) 

Fig. 9. The effects of λ on the heat transfer 
coefficient ratio (a), and the pressure drop ratio 

(b) when 0.5  , 30Nr  , 0.02B   and 

0.25  . 

 
In addition, increasing the thermal conductivity at 
the left wall (nanoparticle accumulated region) 
enhances the heat transfer rate there, whereas for 
the right wall it is the opposite. In each wall thus 
there are two mechanisms that act against each 
other and the net result of these phenomena 
determines the overall heat transfer ratio. The 
reduction in the heat transfer enhancement for 1   
at lower values of BTN , indicates that the 

decreasing rate of the heat transfer rate at the left 
wall is dominant, whereas for the larger values of 

BTN it is the opposite. But, for 0   , where the 

left wall is adiabatic, there is no reduction in the 
heat transfer rate at the left wall; so, the heat 
transfer enhanement follows the enhancement at the 
right wall. In this case, for the lower values of 

BTN , the momentum enrichment at the right wall 

leads to maximum about 45% enhancement in heat 
transfer rate; but for the higher values of BTN , the 

reduction in the thermal conductivity leads to a 
lower enhancement of heat transfer rate with respect 
of the other cases. Thus, it can be concluded that 
one sided heating (one of the walls kept adiabatic) 
leading to the best heat transfer enhancement for 

larger nanoparticles (the lower values of BTN ). 

However, for the smaller nanoparticles, where there 
is no significant migration of nanoparticle, one 
sided heating has not considerable influence on the 
heat transfer and the pressure drop ratios.  

 

 
(a) 

 
(b) 
Fig. 10. The effects of Nr  on the heat transfer 
coefficient ratio (a), and the pressure drop ratio 

(b) when 0.01  , 0.5  , 0.02B   and 

0.25  . 
 
Fig. 8 shows that the heat transfer rate increases in 
the presence of heat absorption ( 0   ), while it 
decreases in the case of heat generation. In addition, 
there is no significant change in the pressure drop 
ratio; so, the performance of the system is increased 
in the presence of heat absorption. Regarding Fig. 9, 
the heat transfer ratio is increased with increasing 
the slip parameter λ, however, an inverse trend can 
be observed for the pressure drop ratio. Decreasing 
the pressure drop ( dpN ) is a useful attribute, 

particularly in microchannels where the head loss 
extremely pronounced, since it allows a significant 
reduction in the pumping power required to drive 
the nanofluid flow. Accordingly, the slip velocity is 
a positive phenomena in the current heat transfer 
system since it allows the heat transfer enhancement 
followed by a reduction in the pressure drop. 



A. Malvandi and D. D. Ganji / JAFM, Vol. 9, No. 5, pp. 2277-2289, 2016.  
 

2287 

Finally, Fig. 10 indicates that the mixed convection 
due to the non-uniform nanoparticle distribution has 
a negative effect on the performance of the system; 
because increasing Nr  leads to a rise in the 
pressure drop ratio and reduces the heat transfer 
enhancement. This effect significantly depends on 
the nanoparticle size ( BTN ); using smaller 

nanoaprticles prevents the reduction of the 
performance of the system which originates from 
the mixed convection effects. 

5. CONCLUSION 

Fully developed mixed convective heat transfer of 
alumina/water nanofluid inside a vertical 
microchannel in the presence of heat source/sink 
with asymmetric wall heating has been investigated 
theoretically. Walls are subjected to different heat 

fluxes; 
,,
wlq  for the left wall and 

,,
wrq  for the right 

wall. The modified two-component heterogeneous 
model is employed for the nanofluid in the 
hypothesis that the Brownian motion and the 
thermophoresis are the only significant bases of 
nanoparticle migration. The basic partial differential 
equations including continuity, momentum, energy, 
and nanoparticle volume fraction equations have 
been reduced to two-point ordinary boundary value 
differential equations before they are solved 
numerically. The major findings of this paper can 
be expressed as: 

 Because of the thermophoresis, the 
nanoparticles migrate from the heated walls 
(making a depleted region) and accumulated at 
central regions of the channel, more likely to 
accumulate near the wall with the lower heat flux. 
As a result, an in-homogeneous distribution of 
nanoparticles developed which leads to a non-
uniform distribution of the viscosity and thermal 
conductivity of nanofluids. 

 For 
,,

,,
1lw

rw

q

q
   , a regular symmetry in the 

velocity profile disappears and the peak of the 
velocity profiles shifts toward the right wall, where 
the nanoparticle depleted region is located (lower 
viscosity). However, the dip point of the 
temperature profile moves toward the left wall in 
which the nanoparticles accumulated (higher 
thermal conductivity). In fact, the velocity profile 
has a tendency to shift toward the nanoparticle 
depleted region, however, for the temperature 
profile it is the opposite. 

 Asymmetric heating at the walls, prevents the 
enrichment of the velocities at the walls, reducing 
the heat transfer enhancement with respect to the 
symmetric heating. However, one sided heating 
(one wall is kept adiabatic) intensifies the heat 
transfer enhancement. 

 Increasing the mixed convective parameter Nr 
reduces the heat transfer rate, which is more 
pronounced for larger nanoparticles. 

 The heat transfer rate enhances in the 
presence of heat absorption, while it decreases in 
the case of heat generation. In addition, there is no 
significant change in the pressure drop ratio; so, the 
performance of the system is increased in the 
presence of heat absorption. 

 The slip parameter λ has an important role in the 
heat transfer enhancement of the microchannels. 
The heat transfer rate has an increasing trend with λ 
and due to the smoother velocity gradients at the 
channel’s walls, the pressure drop Ndp has a 
decreasing trend. In essence, slip velocity at the 
walls enhances the performance of heat transfer 
systems.  
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