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ABSTRACT
Laminarmixed convection in a two-dimensional symmetrically and partially heated vertical channel is
investigated. The heaters are located on bothwalls and uniform temperature is applied on the heated
sections. Thenumber of heaters is considered as 1, 4, 8, and 10. Aluminumoxide/water nanofluid is con-
sidered asworkingfluid and the inlet velocity is uniform. The continuity,momentumandenergy equa-
tions with appropriate boundary conditions are solved in dimensionless form, numerically. The study
is performed for Richardson number of 0.01 and 10, Reynolds number of 100 and 500, and nanofluid
volume fraction of 0% and 5%. Based on the obtained velocity and temperature distributions, the
local andmeanNusselt number is calculated and plotted for different cases. The variation of themean
Nusselt number with the number of the heated portions is also discussed. It is found that the addition
of nanoparticles into the base fluid increases mean Nusselt number but the rate of increase depends
on Reynolds, Richardson numbers and number of heated portions. It is possible to increasemeanNus-
selt number 138% by increasing Reynolds number from 100 to 500, Richardson number from 0.01 to 10
and number of heated portions from 1 to 10 when volume fraction value is 5%.

Introduction

Conventional techniques for heat transfer enhancement
are not appropriate for the modern industrial applica-
tions due to the requirement of high heat transfer rate
to/from the systems. One of the recent popular methods
for enhancement of heat transfer is the use of nanofluid.
A nanofluid is a fluid involving high conductive nanopar-
ticles with a diameter smaller than 100 nm. Thermal con-
ductivity of conventional heat transfer fluids can be
increased nearly two times with the addition of a very
small amount of nanoparticles [1]. The rate of heat trans-
fer enhancement by using nanofluid depends on the con-
centration, size, shape, and the material of the nanoparti-
cle. An in-depth review on the application of nanofluids
is reported in [2–4]. Several industrial applications of
nanofluids for enhancement of heat transfer in thermal
systems such as water based heating and cooling systems,
engine cooling, liquid cooling of electronic equipment,
domestic refrigerator, nuclear reactors, fuel cells, cooling
of manufacturing and cutting machines, cooling of trans-
formers, and heat pipes were reported in literature [5–11].

Mixed convection heat transfer, as a mode of heat
transfer, takes attention of researchers due to its presence
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in many practical applications such as cooling of elec-
tronic equipment, heat exchangers and building energy
systems. Mixed convection occurs when the effects of
forced and natural convections are comparable.When the
flow rate is fixed in the inlet of the channel, flow rever-
salsmay occur inside the domain because of the buoyancy
force near the hot wall. The occurrence of reversal flows
makes the analysis of mixed convection problem more
difficult.

Literature survey shows that several studies on the
mixed convection heat transfer using nanofluids were
reported [12–19]. A comprehensive review of the stud-
ies on nanofluid mixed convection heat transfer can be
found in Refs. [20–22]. The problem of mixed convec-
tion in a vertical porous channel for nanofluids and pure
fluids was investigated by Memari et al. [23] and they
take the influences of viscous heating and inertial force
into account. Van Gorder et al. [24] analyzed a two-
fluid vertical channel flow in mixed convection with clear
fluid and nanofluid. They declared that the addition of
nanofluid modified thermal properties of the fluid favor-
ably. Amrei and Dehkordi [25] performed computational
fluid dynamics simulation of mixed convection flow of
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regular and nanofluids in porous and clear vertical chan-
nels. Fully developedmixed convection in a vertical chan-
nel filled by a nanofluid studied by Grosan and Pop
[26]. They considered fully developed mixed convection
between parallel vertical plates with asymmetrical uni-
form wall temperature boundary condition both analyt-
ically and numerically. Mixed convection of nanofluids
in a vertical channel partially filled with highly porous
mediumwas investigated byHajipour andDehkordi [27].
The effects of Brownianmotion and thermophoresis were
also considered in their model. The results showed that
nanofluid enhances the convective heat transfer. Xu et al.
[28] evaluated the laminar fully developed mixed con-
vection of nanofluids between two paralleled vertical flat
plates. The governing equations were solved by means
of the similarity and homotopy analysis method. It was
found that heat transfer characteristics were improved by
employing the proper nanofluids. An analysis on fully
developed steady, laminar, incompressible flow in a ver-
tical channel, filled with a copper nanofluid in a region
and clear viscous fluid in the other region, was accom-
plished by Farooq andZhi-Liang [29]. Results for different
values ofmixed convection parameters, Brownianmotion
parameter and thermophoresis parameter were obtained
and presented. The effect of these parameters on fluid flow
and heat transfer at the interface of the two regions were
showed.

Mixed convection of nanofluid, water based with
alumina, inside a vertical microchannel was theoreti-
cally studied by Malvandi and Ganji [30] considering
the Brownian motion and thermophoresis diffusivities.
The obtained results showed that the heat transfer rate
was enhanced by increasing the volume fraction, the
slip parameter and the mixed convection parameter but
a pressure drop increase was also detected. Transient
two-dimensional mixed convection of nanofluids in the
entrance region of a vertical parallel-plate channel partly
filled with a porous medium was numerically investi-
gated by Hajipour et al. [31] under the constant wall
temperature. Viscous dissipation, Brownian diffusion
and thermophoresis effects were considered in the energy
equation. Fakour et al. [32] investigated laminar fully
developed mixed convection in vertical channels with
nanofluids. The effects of the Grashof number, Prandtl
number, and Reynolds number on the nanofluid flows
were examined and the effect of Brownian motion and
thermophoresis were also taken into account. The results
indicated that the presence of nanoparticles enhances
heat transfer. An investigation on a fully-developed
mixed convection of nanofluids (Al2O3-water) in a ver-
tical channel was numerically provided by Chen et al.
[33]. In their analysis, the effects of the Brinkman num-
ber, Reynolds and Grashof numbers and volumetric

concentration of nanoparticles were studied. An experi-
mental and numerical investigation on mixed convection
of nanofluids in vertical rectangular channels which is
partially filled with open-cell metal foam was performed
by Hajipour and Dehkordi [34]. The study was per-
formed for constant heat flux at walls and Al2O3-water
nanofluids with different concentrations. A study on
pressure drop and thermal characteristics of Al2O3-water
nanofluid flow in horizontal annuli under constant heat
flux boundary conditions applied to both inner and outer
walls was done by Moghari et al. [35] numerically. They
analyzed the effects of nanoparticle volume fraction,
heat flux ratio, radius ratio and Grashof number on heat
transfer and showed that Nusselt number increases by
increase of nanoparticle volume fraction, heat flux, radius
ratios and Grashof number.

As can be seen from the above literature review, studies
on nanofluid mixed convection heat transfer have been
performed. In all of these studies, constant temperature
or uniform heat flux were applied to the walls of the
channels. The aim of this study is to analyze nanofluid
mixed convection heat transfer in vertical channels whose
walls are partially heated and, to the best of our knowl-
edge, it was not handled before. Aluminum oxide/water
nanofluid flows in the channel and heat is transferred
from the heated plates with constant temperature to the
nanofluid. Four different number of heated sections on
walls as 1, 4, 8, 10 are studied. The governing equations
(i.e. continuity, momentum and energy equations) are
solved in dimensionless form. The effects of governing
parameters which are Richardson, number of heaters and
volume fraction of nanoparticles on flow and tempera-
ture fields in the channel are studied. To the best of our
knowledge, the study is original and the obtained results
provide useful information for designers who intend to
apply nanofluid in cooling/heating of partially conductive
surfaces.

Considered problem

Mixed convection in vertical channels, shown in Figure 1,
is studied. The fluid flow inside the channel is considered
as incompressible, laminar and steady. The thermophys-
ical properties of fluid are assumed to be constant with
exception of density in buoyancy term of the momen-
tum equation. The nanoparticles are considered to be in
thermal equilibriumwith the water. Therefore, there is no
slip of velocity and temperature between the nanoparti-
cles and the base fluid.

Four channels with number of heater of 1, 4, 8, and 10
are studied. The channel has the width and height of w
and H respectively while its depth is too long. The aspect
ratio of height to the width of channel (H/w) is 20. The
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Figure . The considered partially heated channels, (a) fully
heated, (b)  heated plates, (c)  heated plates, (d)  heated plates.

fluid flowing through the channel is water assisted with
Al2O3 nanoparticles to improve its thermal conductivity.
Uniform velocity and temperature profiles exist at the
inlet boundary. Viscous dissipation and radiation heat
transfer are neglected and gravity acts in the y direction.
The heated sections on the walls are maintained at con-
stant temperature of Tw and the nonheated sections are
insulated. The gradient of velocity and temperature are
taken as zero for the outlet boundary condition (i.e., no
diffusion transport at the outlet boundary). The study is
performed for nanoparticle concentration of 0% and 5%,
Richardson number of 0.01 and 10 and Reynolds number
of 100 and 500.

The temperature difference between solid nanopar-
ticles and fluid is small and the nanoparticle concen-
tration is low. Hence, a single-phase model approach is
employed in this study. The thermophysical properties
of the nanoparticles and water are considered at 25°C.
Prandtl number is taken as 6.7 for the base fluid for the
entire study, however the thermophysical properties of
the nanofluid is changed according to the nanoparticle
concentration.

The governing equations and boundary
conditions

The dimensionless continuity, momentum and energy
equations under the described assumptions can be
expressed as:
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where U and V the dimensionless velocity components
in the x and y directions, respectively, P is the dimension-
less pressure and θ is the dimensionless temperature of the
fluid.μ, ρ, β , α and ν are dynamic viscosity, density, ther-
mal expansion coefficient, thermal diffusivity and kine-
matic viscosity. nf refers to properties of nanofluid while
f corresponds to pure fluid. The dimensionless parame-
ters for the problem can be expressed as:
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ν2
f

; X = x
w

; Y = y
w

;

U = u
vi

; V = v

vi
; P = pw

viμ f
; θ = T − Ti

Tw − Ti
;

Ri = Gr
Re2

(5)

The dimensional parameters for the problem are
clearly shown in Figure 1. The dimensionless boundary
conditions for the Eqs. (1–4) can be expressed as:

Y = 0 U = 0, V = 1, θ = 0

X = 0.5
∂U
∂X

= ∂V
∂X

= ∂θ

∂X
= 0

X = 1 U = V = 0, θ = 1(for heated portions),

∂θ

∂X
= 0 (for insulated parts) (6)

For the outlet of channel, a special treatment is done
and explained in the next section. Nanofluid thermophys-
ical properties based on the properties of water andAl2O3
can be evaluated by using the following relations [36]:

ρn f = (1 − φ) ρ f + φρs (7)(
ρcp

)
n f = (1 − φ)

(
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)
f + (

ρcp
)
s (8)
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(ρβ)n f = (1 − φ) (ρβ) f + (ρβ)s (9)

αn f = kn f /
(
ρcp

)
n f (10)

where in the above equations s refers to properties of
the solid phase which is nanoparticles and φ represents
nanoparticle concentration. The effective dynamic viscos-
ity and thermal conductivity of the nanofluid can be eval-
uated as follows [36]:

μn f = μ f (1 − φ)−2.5 (11)

kn f = k f

[(
ks + 2k f

) − 2φ
(
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)
(
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(
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]

(12)

The wall heat flux can be described in terms of dimen-
sionless temperature gradient as follows:

q′′ = −kn f
(Tw − Ti)

w

∂θ

∂Y
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Y=1

(13)

Convective heat transfer coefficient, hnf, is well known
as:

hn f = q′′

(Tw − Ti)
(14)

Nusselt number is defined based on the width of chan-
nel and based fluid thermal conductivity and it can be
written as follows:

Nu = hn fw
k f

(15)

By combining Equations (13) and (14), it is possible to
define Nusselt number as:

Nu = −kn f
k f

∂θ

∂Y

∣∣∣∣
Y=1

(16)

The average Nusselt number by considering two walls
is defined as follows:

Nuavg = 2n
H

∫ H

0
Nu(Y )dY (17)

where n is taken as 1 for fully heated case (i.e. N = 1)
and 2 for partially heated cases (i.e. N = 4, 8, and 10) in
this study. It should be mentioned that the average heat
transfer coefficient is defined based on the total area of the
heated sections in walls. For fully heated vertical plate, the
total length of the heated portion in onewall is Hwhile for
partially heated case the total length of the heated portions
in one wall is H/2.

The numerical procedure and computational
details

The governing equations given by equations (1-4) are
solved numerically in dimensionless form by the code

Figure . A view of computational domain with boundary
condition.

ANSYS Fluent 15.0, which operates based on finite vol-
umemethod. The coupling between velocity and pressure
terms is handled by using Semi-Implicit Method for Pres-
sure Linked Equations (SIMPLE) algorithm; while power
law is considered for the discretization of convective terms
in momentum and energy equations. The convergence
criterion is set to 10−7 for continuity and the momen-
tum equations, 10−12 for the energy equation. In addi-
tion to the convergence criteria, the velocity and temper-
ature profiles at Y = 5, Y = 10, Y = 15 are checked at
different iteration steps and the solution is accepted as
converged when there is no change between those pro-
files of different iteration levels. The walls of the channel
are divided into uniformly heated, equal size of heated
portions and insulated sections. An example of consid-
ered domain for 4 number of heater channel is shown in
Figure 2. The half of the channel is considered as a com-
putational domain due to the symmetry of the consid-
ered channel. A dummy extension section, height of 2H,
is considered above the main channel to overcome con-
vergence difficulties due to the reverse flows at the outlet
boundary. Our experience showed that the height of 2H
for the length of dummy section is sufficient. Grid inde-
pendency study is performed for two extreme cases as
Ri = 0.01, Re = 100, N = 10, φ = 5% and Ri = 10, Re =
500,N= 10 and φ = 5%. The grid number is taken as 320,
8000, 18000, 32000, 50000, and 72000. As it can be seen
in Figure 3, the mean Nusselt number does not change
after 50000 (100 × 500) and the grid number of 72000
(120 × 600) is sufficient to obtain accurate results for this
study.
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Figure . Grid independence study for two different channels as
Ri= ., Re=  and Ri= , Re=  when φ = %.

Results and discussion

Validation of obtained results

The computational method and the obtained results are
validated with the study of Raisi et al. [36]. They consid-
ered magneto hydrodynamic mixed convection in a ver-
tical channel filled with Cu—water nanofluid. The entire
surface of the channel is at constant and uniform temper-
ature. The aspect ratio in their study is 40. Grashof num-
ber is taken as 105 and Pr number as 6.7. The comparison
of the present study with Ref. [36] is done when magneto
hydrodynamic effect is zero; in other words, Hartmann
number (Ha) is taken as zero. It should be mentioned that
Raisi et al. [36] included electromagnetic forces in their
study and that is why they considered Ha in their study.
Ha is defined as the ratio of electromagnetic force to the
viscous force. As there is no electromagnetic force con-
sidered in our study, Ha is taken as zero. The validation is
done for two cases as Ri = 0.01 and 10 for different vol-
ume fraction values when Re = 100. The comparison is
done on the base of themeanNusselt number and as it can
be seen from Figure 4, a good agreement can be observed.

Figure . The comparison of the results of present study with Raisi
et al. [] when Ri= . and , Re= , Ha= .

Figure . Temperature distribution for Ri = ., Re = , N = ,
and N= , (a) φ = %, (b) φ = % (The scale of the X direction is
 times scale of the Y direction).

The difference of themeanNusselt number between Raisi
et al. [36] and the present study is less than 2%.

Temperature and velocity fields

Figure 5 shows temperature fields for a mixed convec-
tion in the channel for Ri = 0.01 and Re = 100, two
different number of heated portions (i.e. N = 1 and 10)
and two different volume fraction values (i.e. φ = 0%
and 5%). The width of the channel is extended 5 times
for a better visualization. Figure 5(a) shows the dimen-
sionless temperature contours for Ri = 0.01, Re = 100,
and φ = 0% when N = 1 and 10. As it can be seen
from the temperature contours in Figure 5(a), the cold
fluid moves a little bit longer distance in vertical direc-
tion when the number of the heater is 10. By addition
of nanoparticles into base fluid, as shown in Figure 5(b),
the cold fluid flows relatively shorter distance in the Y
direction and the channel is heated faster compared to
base fluid channel. Figure 6 shows the dimensionless tem-
perature and velocity profiles at Y = 18.5 for the cases
of Figure 5. As can be seen in Figure 6(a), the dimen-
sionless temperature gradient increases by increase of
number of heated section for the same fluid since the
cold air takes longer distance in the channel. By adding
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Figure . Dimensionless temperature and velocity profiles for Ri=
., Re= , N=  and  at Y= ., (a) dimensionless temper-
ature profiles, (b) dimensionless velocity profiles.

of nanoparticles in the channel, thermal conductivity
both in transverse and longitudinal directions increases.
Heat transfer becomes greater for the fluid involving
nanoparticles compared to the channel filled with com-
pletely base fluid. That is why; dimensionless temperature
profiles of the channel with nanoparticles become above
the channel with clear fluid. Considering Figure 6(a), one
may expect the decreasing of average Nusselt number by
addition of the nanoparticles to the fluid since the tem-
perature gradient at the surface decreases. However, due
to the definition of Eq. (16), it is seen that the increase of
thermal conductivity ratio, (kn f /k f ), not only may com-
pensate the reduction of dimensionless temperature gra-
dient at the surface but also increase the value of Nusselt
number. Furthermore, dimensionless velocity profiles at
Y = 18.5 for Ri = 0.01, Re = 100 and two different num-
ber of heated portions (i.e.N= 1 and 10) and two different
volume fraction values (i.e. φ = 0% and 5%) can be seen
from Figure 6(b). The identical parabolic velocity pro-
files are observed for different number of heated portions
and volume fraction values which means that forced con-
vection is dominant inside the channel and the buoyancy
effect of is negligible. As it can be seen from Figure 6(b),
the number of the heated portions and volume fraction

Figure . Temperature distribution for Ri = ., Re = , N = ,
and N= , (a) φ = %, (b) φ = % (The scale of the X direction is
 times scale of the Y direction).

value does not have considerable effect on velocity profile
inside the channel.

Similarly, Figure 7 shows temperature fields for amixed
convection in the channel for Ri= 0.01 and Re= 500, two
different number of heated portions as N = 1 and 10, and
two different volume fraction values ofφ = 0% and 5%. By
increasing Re number from 100 to 500, the temperature
in the middle region of channel decreases due to increase
of forced convection effect. Hence for the same fluid, an
increase in Nusselt number is expected when Re number
increases from 100 to 500. Figure 8 shows the dimension-
less temperature profiles of Figure 7 at Y = 18.5. It seems
that by increasing Re number, dimensionless temperature
profiles become closer to each other if Figure 8(a) and 6(a)
are compared. Furthermore, there is no considerable dif-
ference in velocity profiles when Re is increased to 500 as
can be seen from Figure 6(b) and 8(b).

Figure 9 shows temperature contours for N = 1 and
10, Re = 100 and Ri number of 10 and for two volume
fraction values as φ = 0% and 5%. By increasing Ri num-
ber, buoyancy effects inside the channel increases and the
differences between temperature profiles inside the chan-
nels become more visible. The velocity of the fluid near
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Figure . Dimensionless temperature and velocity profiles for
Ri= ., Re= ,N= , andN=  at Y= ., (a) dimensionless
temperature profiles, (b) dimensionless velocity profiles.

hot wall increases as its density increases due to temper-
ature difference. Therefore, flow reversals are seen inside
the channel due to fixed flow rate. That is why, the dimen-
sionless temperature contours change direction to down-
ward at the middle region of the channel. Similarly, the
dimensionless temperature profiles of Figure 9 atY= 18.5
are plotted and shown in Figure 10(a). As can be seen,
by increasing of Ri number, the differences between the
temperature profiles of different cases increases. When
the number of heated section increases, the gradient of
the temperature at the wall surface also increases since
discontinuous heating exits. Furthermore, by adding of
nanoparticles, the fluid is heated faster in the inlet of
the channel and dimensionless temperature of nanofluid
becomes above of the clear fluid temperature profile.
Dimensionless velocity profiles of Figure 10(a) are given
in Figure 10(b). As it can be seen on Figure 10(b), the
increase of Ri number causes flow reversals inside the
channel due to fixed flow rate. By addition of nanoparti-
cles into base fluid, the velocity of the flow with nanofluid
near the hot wall decreases compared to the flow with the
base fluid since the temperature gradient decreases near
the hot wall.

Figure . Temperature distribution for Ri = , Re = , N = ,
and N= , (a) φ = %, (b) φ = % (The scale of the X direction is
 times scale of the Y direction).

Figure 11 shows the temperature distribution forN= 1
and 10, Ri = 10, and Re = 500 for two volume fraction
value of φ = 0% and φ = 5%. Similar to Figure 7, the
increase in Re number causes the increase in velocity
therefore, fluid flows faster inside the channel and less
interaction between hot and cold fluid occurs. There-
fore, temperature at the middle of the channel decreases
and large region in the middle of the channel is at inlet
temperature. Figure 12 shows dimensionless temperature
and velocity profiles at Y = 18.5 for the cases considered
in Figure 11. As can be seen in Figure 12(a), temperature
gradient at the wall is highly increased compared to the
Figure 10(a), however the dimensionless temperature
profiles of different cases at Y = 18.5 become closer
to each other. As shown in Figure 12(b), due to the
increase of dimensionless temperature gradient near the
hot wall and the consequently velocity near the hot wall
increases. Due to the fixed flow rate and the increase of
temperature gradient near the hot wall, the velocity in
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Figure . Dimensionless temperature and velocity profiles for
Ri = , Re = , N = , and N =  at Y = ., (a) dimensionless
temperature profiles, (b) dimensionless velocity profiles.

the middle of the channel is very small but no reverse
flow in the middle of the channel occurs. It is possible
to conclude that by adding nanoparticles into the base
fluid, the velocity near the hot wall only in a narrow
region is increased and therefore, a chance of occurrence
of flow reversal in the middle region decreases when
Re = 500.

Average Nusselt number

The variation of average Nusselt number with number
of heated section when Ri = 0.01 and for two values of
Re number as 100 and 500, and for two different volume
fraction value as φ = 0% and 5% is shown in Figure 13(a).
As it can be seen from figure, the average Nusselt number
increases with increase number of heated section. The
smallest average Nusselt is observed for the plate fully
heated. There is no doubt that by increasing of number of
heated area average Nu number increases. For instance,
the increase of number heated portion for a channel with
Ri= 0.01, Re= 100 and φ = 5% fromN= 1 to 4 increases
the average Nusselt number by 54%. It is observed that if
the number of heated section increases, the average Nus-
selt number also increases, however the rate of increase

Figure . Temperature distribution for Ri = , Re = , N = ,
and N= , (a) φ = %, (b) φ = % (The scale of the X direction is
 times scale of the Y direction).

is not too much. For instance, the increase in number of
heated portion from 4 to 10 increases Nuavg by 7%. The
reason for the increase may be the destruction of thermal
boundary layer which prevents the growing of thermal
boundary layer thickness. The average Nusselt number
also increases by increasing Re number due to increase
of forced convection effect and increase of temperature
gradient at the wall. For instance, for a channel with
Ri = 0.01, N = 10, and φ = 5%, the increase of Re num-
ber from 100 to 500 increases the average Nusselt number
by 83%. Finally, the enhancement of heat transfer by
adding nanoparticles into the fluid can also be observed
from Figure 13(b). The addition of nanoparticles by 5%
in a channel with Ri = 0.01, Re = 100 and N = 10,
increases Nuavg by 9.7%. When Ri number is increased
from 0.01 to 10, the effect of number of heated portion
and nanoparticle concentration becomes more visible.
The Nuavg is increased by 47% if the number heated
portion for a channel with Ri = 10, Re = 500 and φ =
5% is increased from N = 1 to 4 and further increase in
the number of heated portion from 4 to 10 increases the



HEAT TRANSFER ENGINEERING 237

Figure . Dimensionless temperature and velocity profiles for
Ri = , Re = , N = , and N =  at Y = ., (a) dimension-
less temperature profiles, (b) Dimensionless velocity profiles.

Figure . Variation of average Nusselt number with number of
heated section, Re and φ, (a) Ri= ., (b) Ri= .

average Nusselt number by 9%. Similarly for a channel
with Ri = 10, Re = 500, and N = 10, Nuavg is increased
by 10.4% if the nanoparticle concentration is increased
by 5%. By increase of Richardson number, the coupling
of temperature and velocity fields becomes stronger. A
small change in temperature field changes the velocity
field and it will influence the temperature profiles. That is
why, the increase of number of heated section or adding
nanoparticles considerably affects Nuavg

Conclusions

In this study, mixed convection heat and fluid flow
inside a partially heated vertical channel filled with Al2O3
nanoparticles is analyzed. Four different heating cases
with number of heated section of 1, 4, 8, and 10 are
considered in this study. The governing equations are
solved numerically in dimensionless form. Based on the
obtained results, following remarks can be concluded
from this study:

� The buoyancy effect particularly at the region close
to the heated wall is added to the effect of pres-
sure gradient by increase of Ri number. This causes
reversal flows in the channel and consequently the
increase of Nusselt number. By increasing Ri num-
ber from 0.01 to 10 for the channel with N = 1 and
φ = 5%, themeanNusselt number increases 67% for
Re = 100 and 122% for Re = 500.

� The mean Nusselt number increases with the num-
ber of heaters on the wall. However, the rate
of increase depends on Re number. The rate of
increase is higher for high values of Re number
(i.e. Re = 500).

� The use of nanoparticle in fluid increases heat trans-
fer rate in the channels. It seems that the rate of
increase depends on both Reynolds and Richardson
numbers. High values of Reynolds and Richardson
number yield higher heat transfer enhancement. For
the channel with Ri= 10,N= 10, and Re= 500, the
meanNusselt number increases 10.4% by adding 5%
nanoparticle into the base fluid.

For future studies, the optimization of channel geom-
etry based on the governing dimensionless parameters
and length and number of heated sections for maxi-
mum mixed convection heat transfer from the chan-
nel with considering of the second law analysis can be
done. Similar geometry under constant heat flux bound-
ary conditions can also be analyzed. It is also possible to
obtain a correlation for determination of Nusselt num-
ber in terms of governing equations which will be help-
ful for the researchers who work in thermal engineering
area.
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Nomenclature

cp Specific heat at constant temperature, J/kgK
g Gravitational acceleration, m/s2

Gr Grashof number, defined in Eq. (5)
h Convective heat transfer coefficient, W/m2K
H Height, m
Ha Hartmann number
k Thermal conductivity, W/mK
n A constant
N Number of the heaters on the wall
Nu Nusselt number
p Pressure, Pa
P Dimensionless pressure, defined in Eq. (5)
Pr Prandtl number
q′′ Wall heat flux, W/m2

Re Reynolds number, defined in Eq. (5)
Ri Richardson number, defined in Eq. (5)
T Temperature, K
u Velocity in the x-direction, m/s
v Velocity in the y-direction, m/s
U Dimensionless velocity in the x-direction
V Dimensionless velocity in the y-direction
w Width, m

x, y Dimensional axial and transverse directions, m
X, Y Dimensionless axial and transverse directions

Greek symbols

α Thermal diffusivity, m2/s
β Thermal expansion coefficient, 1/K
θ Dimensionless temperature, defined in Eq. (5)
μ Dynamic viscosity, Pa.s
ν Kinematic viscosity, m2/s
ρ Density, kg/m3

φ Solid volume fraction

Subscripts

avg Average
f Fluid
i Inlet

nf Nanofluid
s Solid
w Wall
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