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Abstract
The paper presents the mixed convection heat transfer and entropy generation of a nanofluid containing carbon nanotubes,

flowing in a 3D rectangular channel, subjected to opposed buoyant forces. The governing equations, including the

continuity, momentum and energy equations, have been numerically solved using the finite volume technique. The results,

including the contours of the axial velocity and temperature, have been presented for different values of the opposed

buoyancy parameter (−300\Ω\−100). The outcomes show that with an increase in the opposed buoyancy parameter, the

nanofluid velocity near the channel wall drastically reduces and, therefore, causes a reduction in the Nusselt number. In

addition, due to the occurrence of backflow phenomenon, an increment of the opposed buoyancy parameter enhances the

total entropy generation along the channel. In brief, the friction-induced entropy generation is negligible compared with the

entropy generation due to heat transfer. Finally, by increasing the value of the opposed buoyancy parameter, the ratio of the

heat transfer rate to irreversibility decreases within the system.
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List of symbols
Ad Cross-sectional area

Be Bejan number

Cf Surface friction coefficient

Cp Specific heat/J (kg K)−1

CHT Convection heat transfer

d Diameter of the nanotube

Dh Hydraulic diameter

g Gravitational acceleration/m s−2

Gr Grashof number

H Channel height

h Heat transfer coefficient/W (m2 K−1)

k Thermal conductivity

L Channel length

M Ratio of nanotubes Radii

Ns Nondimensional entropy generation

Nu Nusselt number

P Pressure/pa

Q Total heat transfer

qw Heat flux

Re Reynolds number

Ri Richardson number

Sg Entropy generation

T Temperature/K

To Average temperature

V Velocity/m s−1

W Channel width

x, y, z Cartesian coordinates

X, Y, Z Dimensionless Cartesian coordinates

u, v, w Velocity in x, y, z directions, respectively

Greece letter
β Volumetric expansion coefficient/K−1

δ Boundary layer thickness

θ Non-dimensional temperature

μ Dynamic viscosity

φ Volume fraction

ρ Density

Ω Buoyancy parameter

Subscripts
b Bulk

bf Base fluid

eff Effective

nf Nanofluid

np Nanoparticle

in Inlet

w Wall

x, y, z Coordinate directions

0 Reference condition

Introduction

There are numerous analyses and studies on heat transfer in

channels with circular and non-circular cross sections, a

great number of which have attempted to increase heat

transfer in heat exchangers or design more compact heat

exchangers. Jones and Ingham [1] conducted a numerical

analysis of the mixed convective heat transfer of fluid flow

in a vertical channel whose wall temperature linearly

changed. This study examined the flow position in mixed

convection and rotational flow conditions in the center and

near the channel walls. The results showed that convective

heat transfer (CHT), as a function of the Grashof number,

increases and that the thermal development length

decreases with increased Grashof numbers. Barletta [2]

examined a mixed convection fluid flow in a vertical

rectangular channel. The results were extracted as different

parameters of buoyancy forces whose friction coefficients,

temperature fields and dimensionless temperature fields

were measured, individually. Desrayaud and Lauriat [3]

conducted a numerical analysis of the backflow phe-

nomenon in mixed CHT of a layered fluid in a vertical

channel with parallel plates. The results demonstrated that

fluid temperature increase at the channel entrance was

extremely great and that the backflow could merely occur

in the developing flow region.

Mixed CHT in tubes and channels has received con-

siderable attention and study over the past few decades,

due to its importance in industry and engineering applica-

tions such as heat exchanger systems, nuclear reactors,

electronic system cooling, fluid transfer and building

applications. Studies have shown that fluid velocity, tem-

perature difference between the walls of the tubes and

channels, and especially the direction and size of buoyancy

forces, have a significant effect on the flow structure and

heat transfer characteristics in channels. Subhashini et al.

[4] conducted a numerical analysis of steady mixed con-

vection boundary layer flow on a vertical flat and perme-

able surface. According to the results of that study, an

aligned buoyancy significantly increases the velocity near

the wall and inside the boundary layer and decreases for

low Prandtl numbers, but the increase in velocity is

insignificant for high Prandtl numbers. Yang et al. [5]

conducted a numerical analysis of the effect of the aspect

ratio and the aligned buoyancy on mixed CHT in a 3D

rectangular channel. They stated that the increase in the

buoyancy characteristic and the aspect ratio could increase

the gradient of temperature in the vertical direction.

Yang et al. [6] carried out a numerical analysis on mixed

convection and the entropy generation of fluid passing

through a vertical and 3D channel with a rectangular cross

section under opposing buoyancy. According to these
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results, backflow occurs near the walls and in the channel

entrance when the buoyancy characteristic exceeds a cer-

tain value at the four corners of the channel. The occur-

rence of backflow has a strong effect on the temperature

field, the average and local Nusselt numbers, and local and

total entropy generation.

Nowadays, many techniques are used to increase heat

transfer in heat exchangers. The purpose of using these

techniques is to improve the generation of high heat flux,

which ultimately reduces the size of the exchangers as well

as the costs of manufacturing and maintaining them. In

addition, the increase in heat transfer causes heat

exchangers to run at even lower velocity and at equal or

even greater heat transfer coefficients. Adding solid parti-

cles to a base fluid is one of the techniques for increasing

heat transfer. Choi [7] invented the term “nanofluid,”

which is a colloidal diffusion of nanoparticles from 1 to

100 nm in a base fluid. Although metals have a higher

thermal conductivity compared to oxides, there are many

risks in controlling metal nanoparticles. Metallic oxides are

a good choice for the formation of nanofluids, if the col-

loidal stability is preserved. Many studies have been done

on the CHT of nanofluids [8–17]. Izadi et al. [18–30]

extensively considered the characteristics of natural and

forced convection of nanofluids.

For better optimization of engineering and thermal

systems at the design and operational stages, not only must

the heat transfer reach its maximum value, but also the

entropy generation must reduce. Singh et al. [31] con-

ducted a numerical analysis on the entropy generation of

water–aluminum oxide nanofluid in three different sizes of

tubes. The results showed that laminar flow of water–alu-

minum oxide nanofluid in microchannels increased entropy

generation. Falahat [32] studied the entropy generation of a

nanofluid flow passing through a heat exchanger. Accord-

ing to this study, an increase in nanofluid particles

improves the flow thermal performance and decreases total

entropy generation by decreasing the volume of nanopar-

ticles for a given Reynolds number. Bouchmel et al. [33]

conducted a numerical study on mixed convection heat

transfer and entropy generation of water–copper nanofluid

in a cavity. According to their results, an increase in the

Reynolds number increases the average Nusselt number as

well as the total entropy generation.

Many researchers have done experimental and numeri-

cal studies regarding the entropy generation and heat

transfer of various fluids, including those mixed with dif-

ferent carbon nanotubes, some of which are mentioned

here. To the knowledge of the authors, entropy generation

and mixed CHT in nanofluids with carbon nanotubes under

opposing buoyancy forces have not been studied so far.

However, given the wide use of nanofluids in industry as

well as the unique thermo-physical properties of carbon

nanotubes, studying entropy generation and mixed con-

vection heat transfer in this type of nanofluid could be a

base for studying the functional parameters and corre-

sponding design. Thus, it seems essential that a precise

numerical study be conducted on thermal and hydrody-

namic parameters and entropy generation in nanofluid with

carbon nanotubes, so that the factors affecting losses are

specified and the conditions leading to the least dissipation

in the system can be identified. The present study has

examined the effects of parameters such as Reynolds

number, Grashof number, buoyancy parameter and

nanoparticle concentration.

Mathematics of the problem

Here, the mixed CHT and the entropy generation of a

nanofluid containing carbon nanotubes in a vertical rect-

angular channel are investigated. The geometry of the

rectangular channel has the height H and the cross section

L9W. In this study, the effect of the gravitational force is

taken into account, and the nanofluid will pass through the

channel from the bottom to the top. The nanofluid passing

through the channel during the process is under opposing

buoyancy, i.e., the directions of flow and buoyancy are

nonaligned. The channel walls are also under a uniform

and cooler temperature compared to the nanofluid. The

geometry studied is shown in Fig. 1. A laminar, stable and

viscous fluid flow is assumed. The effect of surface tension

is ignored due to insignificance.

In this study, a single-phase model is used for the

nanofluid flow analysis. Considering the hypothesis stated,

the governing equations of the flow and heat transfer of a

nanofluid are as follows [6]:

● Continuity equation:

r � qnfV~
� � ¼ 0 ð1Þ

● Momentum equation:

r � qnf;0 V
!� �

¼ �rPþr � lnfrV~
� �

þ qnf � qnf;0
� �

g~b ð2Þ

In Eq. (2), p is the static pressure and lnf is the dynamic

viscosity of the nanofluid. The ðqnf � qnf;0Þg~b term in the

momentum equation is the buoyancy force, applied due to

the variations in the density of the nanofluid and the

presence of gravity acceleration.

The Boussinesq approximation is used to calculate the

term related to buoyancy. In this approximation, density in

the buoyancy term of the momentum equation is assumed
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to be a linear function of temperature. This approximation

is as follows:

qnf ¼ qnf;0 1� bnf T � T0ð Þ½ �
In Eq. (3), qnf;0 is the reference density of the nanofluid

at temperature T0, where T0 is the reference temperature of

the nanofluid and is usually considered the input temper-

ature of the nanofluid flow. βnf is the nanofluid thermal

expansion coefficient.

● Energy equation

The energy equation for a laminar, stable, single-phase

and homogeneous nanofluid flow without the viscous dis-

sipation term is defined as follows:

r � qnfCp;nfV~T
� � ¼ r � knfrTð Þ ð3Þ
In Eq. (4), knf and Cp,nf are the thermal conductivity

coefficient and the effective heat capacity, respectively, as

described in the physical properties section.

Sg ¼ knf

T2

oT
ox

� �2

þ oT
oy

� �2

þ oT
oz

� �2
" #

þ a 2
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� �2
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)

ð4Þ

In the above equation, α is the irreversibility factor,

defined using the following relation:

a ¼ lnfv
2
inT0

keff Tw � Tinð Þ2 ; that is; T0 ¼
Tin þ TW

2

Boundary conditions

● Channel inlet:

y ¼ 0 : u ¼ w ¼ o; v ¼ vin; T ¼ Tin

● Channel walls:

u ¼ v ¼ w ¼ o; T ¼ Tc

● Channel outlet:

y ¼ H : P ¼ P0 ð5Þ

Thermo-physical properties of the nanofluid

The effective density of the nanofluid is calculated as fol-

lows [34]:

qnf ¼ 1� uð Þqbf þ uqnp ð6Þ
In the equation above, u is the volumetric fraction of the

nanoparticle, ρbf is the density of the base fluid and ρnp is
the density of the nanoparticles.

The heat capacity of the nanofluid is as follows [35]:

cp;nf ¼
1� uð Þ qcp

� �
bf
þu qcp

� �
np

1� uð Þqbf þ uqnp
ð7Þ

The thermal expansion coefficient used in the combined

heat transfer is calculated as follows:

bnf ¼ 1� uð Þbbf þ ubnp ð8Þ

● Thermal conductivity coefficient of nanofluid:

The effective thermal conductivity coefficient for the

nanofluid was calculated using Sabbaghzadeh and

L

W
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X

Z

Vx = Vz = 0, Vy = Vin , T = Tin

H

T = Tw

Fig. 1 Considered geometry for present problem
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Ebrahimi’s model [36], where carbon nanotubes were used

as nanoparticles. The thermal conductivity coefficient is

expressed as follows in the following model:

keff ¼ kbf 1� uM2
� �þ u kknp þ knl M

2 � 1
� �� 	

þ ukbfM
2 df

D
0:035þ 0:056Re0:052bf

� �
Pr0:3bf


 �
ð9Þ

K, D and M are, respectively, the Kapitza thermal resis-

tance, the diameter of the nanoparticle collection and the

radii ratio of the nanotubes collection to the nanoparticles,

which is the parameter M ¼ rnl
rnp

● Effective viscosity of the nanofluid:

Masoumi’s model [37] has been used to obtain the

effective viscosity of the nanofluid. In this model, the

viscosity is a function of the temperature, the average

diameter of the nanoparticles, the density of the nanopar-

ticles and the physical properties of the base fluid,

expressed as follows:

lm ¼ lf þ
qpVBd

2
p

72cd
ð10Þ

VB is Brownian velocity and δ is the thickness of the

boundary layer, obtained from the following equations:

VB ¼ 1

dp

ffiffiffiffiffiffiffiffiffiffiffiffi
18kbT

pqpdp

s
d ¼

ffiffiffiffiffiffi
p
6/

3

r
dp ð11Þ

Parameter C is also calculated as:

c ¼ 1

lf
c1dp þ c2
� �

/þ ðc3dp þ c4
� 	

Chen et al. [25] calculated the constant values of c using

the experimental data as follows:

c1 ¼ �0:000000896 c2 ¼ �0:000002054

c3 ¼ 0:000000738 c4 ¼ �0:000000306

● Dimensionless parameters:

The following dimensionless variables are used to

transform the equations to non-dimensional form:

X ¼ x

Dh

; Y ¼ y

Dh

; V ¼ v

vin
; h ¼ T � Tin

Tw � Tin
; Re

¼ qnfvinDh

lnf
; Gr ¼ gbnf Tw � Tinð ÞD3

h

v2nf
ð12Þ

Here, X and Y are dimensionless length, V is dimen-

sionless velocity, θ is dimensionless temperature, Re is the

Reynolds number, Gr is the Grashof number, Be is the

Bejan number and Ri is the Richardson number.

● Thermal, hydrodynamic and thermodynamic

parameters:

The thermal, hydrodynamic and thermodynamic

parameters used in this study are summarized in Table 1.

Table 1 Thermal,

hydrodynamic and

thermodynamic parameters

Definition of parameters Applied relation

Nusselt number Nu yð Þ ¼ h yð ÞDh

keff

Heat transfer coefficient h yð Þ ¼ qw
Tb�Tw

Bulk temperature in the channel cross section

Tb ¼
RL=2
0

RW=2
o

VinTdxdzRL=2
0

RW=2
o

Vindxdz

Dimensionless bulk temperature hb ¼ Tb�Tin
Tw�Tin

Buoyancy parameter X ¼ Gr
Re

Characteristic of entropy generation
Sg0 ¼ Keff

DT
DhT0

� �2

Dimensionless entropy generation NS ¼ Sg
Sg0

Average temperature T0 ¼ TinþTW
2

Friction coefficient at channel wall Cf ¼ sw
qfV

2
in

Shear stress sw ¼ lnf
ov
on

� �
Rate of mass nanoflow _m ¼ qnfVinAd
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Numerical method, grid study
and validation

The governing equations are solved using the finite volume

method. The convection terms are obtained using the sec-

ond-order upstream method. Simultaneous solving of

pressure and velocity equations is done with a pressure-

coupled algorithm. In this algorithm, the momentum and

continuity equations are solved simultaneously and the

complete coupling of equations is obtained using the

implicit discretization of the pressure gradient terms in the

momentum equations. This solution method greatly

increases the speed of convergence. The independence of

the network is the most critical flow and geometric

dimensions of the channel based on which one can use it

for the other conditions after obtaining the optimal net-

work. Given the symmetry of the physical conditions, and

also the boundary condition of the problem, only half of the

length and width of the channel, i.e., only one quarter of the

channel section, is examined to reduce the time and cost of

problem solving. According to the symmetry conditions

mentioned, the results can also be considered for other

sections of the channel. Figure 2 shows the graphs of

variations in the dimensionless temperature and velocity
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Fig. 2 Variation of axial dimensionless temperature and velocity for different grid numbers
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based on the dimensionless height by increasing the cell

number of the grid in different directions.

Figure 3 shows a comparison of the dimensionless axial

velocity, as well as the dimensionless bulk temperature of

the air flow in the center of the channel, between the pre-

sent work and the numerical work of Yang [6] at Reynolds

number 100 and various values of the buoyancy parameter.

As seen, there is a good agreement between the results of

the present work and Yang’s work. Hence, the results of

this numerical study have sufficient accuracy to simulate

the mixed convective flow in the 3D channel.

Results and discussion

The effect of an opposed buoyancy force on the hydrody-

namic parameters, thermal parameters and entropy gener-

ation of nanofluid flows in a vertical channel has been

examined. The results for different values of the opposed

buoyancy parameter (−300≤Ω≤−100) and the Richardson

number (−1≤Ri≤−3) have been presented. In this study,

the Reynolds number has a constant value of Re=100, and

the inlet nanofluid temperature is 323 °K. The character-

istics of the carbon nanotubes used in the nanofluid, the

physical properties of the nanofluid and the values of the

Grashof numbers, the buoyancy parameters, and the

Richardson numbers used in the present problem are ren-

dered in Tables 2–4, respectively.

The variation of the dimensionless axial velocity at Re=

100, Ω=−100 and Ω=−300, and different cross sections: Y

=1, Y=10, Y=30 and Y=50 are shown in Figs. 4 and 5.

According to Fig. 4, one can state that at each cross section,

the flow near the walls undergoes a reduction in velocity.

However, the nanofluid flow through the channel in the

center of the channel increases due to mass conservation.

The reduction in the axial velocity near the walls is due to

the presence of two factors: the shear stress forces applied

by the channel walls and the opposed buoyancy forces in

the fluid near the wall of the channel.

As shown in Fig. 5, the flow passing through the channel

at the entrance of the channel and near the cold wall

undergoes backflow. In the channel inlet and near the

walls, due to the application of opposed buoyancy force to

the fluid particles and in opposition to the main stream, the

nanofluid velocity reduces and this decrease in the inlet

region for Ω=−300 is much larger compared to Ω=−100.
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the present work with the numerical work of Young at Re=100 and

different values of buoyancy parameter

Table 2 Physical characteristics

of carbon nanotubes
Nanotube length Nanotube thickness Outer diameter Inner diameter

50 nm 2 nm 14 nm 10 nm

Table 3 Physical properties of nanofluids containing carbon nanotubes

Dynamic viscosity/pa s Thermal expansion coefficient/K−1 Specific heat/J (kg K)−1 Density/kg m−3 Volume fraction of nanoparticles/%

0.001032 2.26e–4 4029.641 1022.236 2

Table 4 Values of Grashof

number, Richardson number,

opposed buoyancy parameter

and channel wall temperature at

Re=100

Ω Gr Ri T/°
K

−100 −1e4 −1 314

−200 −2e4 −2 305

−300 −3e4 −3 296
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By increasing the opposed buoyancy force, the backflow

phenomenon occurs at the inlet of the channel. As clearly

seen, due to the high-temperature difference between the

input nanofluid and the wall, the most opposed buoyancy

forces are applied to the nanofluid particles at the entrance

region (Y=1 and Y=10), resulting in the highest backflow

at Y=10, and then gradually decrease. Thus, the backflow

phenomenon occurs at the channel entrance and at a certain

height. Far downstream, with the increase in height, the

difference between the temperature of the wall and the

nanofluid close to it and hence the opposed buoyancy

forces decreases. Thus, the opposed buoyancy forces can-

not overcome the inertial force of the mainstream, and thus,

the effects of the backflow are eliminated.

Figure 6 shows the three-dimensional contours of

nanofluid velocity across the channel with an increase in

buoyancy forces. In Fig. 6a, which has forced CHT con-

ditions, the nanofluid velocity is similar at different cross

sections in the absence of buoyancy forces. In Fig. 6b,

where mixed convective conditions with the opposed

buoyancy parameter Ω=−100 are present, the variations in

nanofluid velocity are completely different from those

under the forced convective conditions. Besides the shear

stress on the channel walls, the opposed buoyancy forces

affect the flow regime and greatly reduce the velocity of

the nanofluid near the channel walls. Under these condi-

tions, the flow velocity becomes more intensely non-uni-

form in the duct.

By increasing the buoyancy parameter to Ω=−200 and

increasing the intensity of the opposed buoyancy forces,

especially in the channel entrance, there is a further

decrease in the velocity of the nanofluid. In this case, the

backflow phenomenon occurs near the walls.

Later on, with the increase in the intensity of buoyancy

parameter, the intensity in reduction in the nanofluid

velocity and the backflow phenomenon increases near the

channel walls. In the central region of the channel, the

increase in nanofluid velocity is higher than in all previous

states. Another remarkable point is that with the increase in

the intensity of the opposed buoyancy forces, the central

region of the channel where the nanofluid has a velocity

increase, it constantly becomes smaller, but the rate of

velocity increase in this region is higher. By applying the

opposed buoyancy forces, the temperature distribution in

the channel dramatically changes. Figure 7 shows the

distribution of nanofluid temperature for different values of

buoyancy forces in the middle plane and along the channel

length.
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Fig. 4 Distribution of the dimensionless axial velocity in Ω=−100 at

different cross sections
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Fig. 5 Distribution of the dimensionless axial velocity in Ω=−300 at

different cross sections
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By increasing the opposed buoyancy parameter, the

contours of the temperature are more extended toward the

downstream of the flow. At lower values of the buoyancy

parameter, the density of isothermal lines and the resulting

gradient are higher, so more heat exchange between the

fluid and the channel wall takes place. With an increase in

the opposed buoyancy parameter to Ω=−200 and more, the

nanofluid velocity near the channel wall drastically redu-

ces. The occurrence of backflow causes a decrease in the

velocity at the sides of the walls, increases the thickness of

the thermal boundary layer in this region and decreases the

temperature gradient. Overall, for larger values of Ω, the
growth of the thermal boundary layer is faster. In addition,

the three-dimensional distribution of temperature across

the channel has been pictured as a function of buoyancy

forces in Fig. 8.

Figure 9a shows the local Nusselt number along the

channel height based on the difference between the wall

and the bulk temperature. It can be clearly seen that by

increasing the value of the opposed buoyancy force, the

Nusselt number decreases. Increasing the opposed buoy-

ancy force reduces the CHT coefficient in the channel,

which is due to the decrease in the velocity of the nanofluid

near the walls. When the nanofluid enters the channel, the

Nusselt number starts to decrease, and then, with the

reduction in the opposed buoyancy effect, that is more

uniform distribution of the opposed buoyancy force, the

Nusselt number begins to increase and ultimately con-

verges to a constant value. The reason for the reduction in

Ω = – 200

Ω = – 300

Ω = 0

Ω = – 100

Fig. 6 Three-dimensional distribution of dimensionless axial velocity

over the entire channel at different values of the buoyancy parameter

Ω = 0 Ω = – 100 Ω = – 200 Ω = – 300

Y

X

Fig. 7 Distribution of the dimensionless nanofluid temperature for

different values of opposed buoyancy parameters at the central plane

of the channel
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the Nusselt number in the channel entrance is the sharp

decrease in nanofluid velocity at the side of the walls,

reducing the transfer heat coefficient and the occurrence of

the backflow phenomenon. At Ω=−100, we see the lowest

reduction in the Nusselt number by applying opposed

buoyancy forces. In this case, the nanofluid has a higher

velocity near the channel walls than for larger values of the

opposed buoyancy and the heat transfer coefficient

increases in this case.

By applying aligned buoyancy forces, the variation of

the local Nusselt number indicates that CHT increases for

Ω=300. Finally, in general, far downstream, the effect of

buoyancy gradually decreases and the flow reaches the

developed thermal condition; the Nusselt number of the

combined convection (for both aligned and opposed

buoyancies) becomes close and asymptomatic to the Nus-

selt number of forced convection.

Figure 9b shows the variation of the average Nusselt

number in different values of the opposed buoyancy forces

with a 2% volumetric fraction. As stated earlier, the

increase in buoyancy reduces the Nusselt number and thus

reduces CHT.

The friction coefficient on the channel walls is calcu-

lated using the relation in Table 1. Figure 10 shows the

variation of the average friction coefficient on the two

adjacent walls under the opposed buoyancy forces.

Figure 10 shows that, with an increase in the opposed

buoyancy force, the friction coefficient on the channel wall

decreases and increases successively. The reason for this is

the reduction in nanofluid velocity near the channel walls,

which causes the shear stress to decrease on the channel

wall. As the surface friction coefficient has a direct cor-

relation with shear stress on the channel wall, with a

decrease in shear stress, the surface friction coefficient on

the channel wall decreases. For Ω=−100, where backflow

does not exist and there is only a decrease in the velocity at

the edge of the channel walls, the surface friction coeffi-

cient reduces, and then, after the velocity increases at the

side of the walls, it increases again. As the nanofluid

reaches the developed condition, the velocity at the side of

Ω = 0

Ω = – 100

Ω = – 200

Ω = – 300

Fig. 8 Three-dimensional distribution of dimensionless temperature

for different values of buoyancy parameters
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the wall becomes constant, so the surface friction coeffi-

cient will have a constant value at the end of the channel.

However, with the increase in the opposed buoyancy for Ω
=−200 and Ω=−300, where backflow exists, a significant

point is that the surface friction coefficient in the channel

entrance region suddenly increases, then decreases and

then reaches a stable state. This increase and then decrease

in the surface friction coefficient in the channel entrance

region tend to increase with the increase in intensity of the

opposed buoyancy parameter. The reason for this is the

occurrence of the backflow phenomenon in the channel

entrance, so that for larger buoyancy values, where the

intensity and magnitude of the return of the flow and vortex

are greater, the increase and then the decrease in the sur-

face friction coefficient will be higher. At the downstream

flow, the nanofluid flow is directed toward the developed

condition and the gradient velocity and the friction coef-

ficient on the channel walls are almost constant.

Figures 11 and 12 show the distribution of local entropy

generation originated by heat transfer at a given cross

section for two opposed buoyancy parameters, Ω=−100
and Ω=−300, respectively. As shown, the highest entropy

generation is observed at the channel entrance and gradu-

ally decreases along the channel downstream. This is

because of the highest gradient in the thermal parameters

and thus the dissipations at the channel entrance. Overall,

the comparison of Figs. 4–15 and 4–16 shows that with an

increase in the opposed buoyancy parameter, the local

entropy generation due to heat transfer increases. For Ω=−
300, compared with Ω=−100, backflow is generated in the

channel, and the resulting heat mixing causes an increase in

entropy generation. Generally, the lowest and highest val-

ues of entropy derived by heat transfer are generated in the

center of the channel and the near-wall region,

respectively.

Z

X

W
al

l

Wall

Y = 30

Y = 10

Y = 5

Y = 20

Fig. 11 Distribution of dimensionless local entropy generated by heat

transfer at different cross sections for Ω=−100
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Fig. 12 Distribution of dimensionless local entropy generated by heat

transfer at different cross sections for Ω=−300

0

0.05

0.1

0.15

0.2C
f

0.25

0.3

0.35

0.4

0 20 40 60 80 100

= 0

= – 100

= – 200

1:Ω

2

3

4

:Ω

:Ω

:Ω = – 300

1
2 3

4

y/Dh

Fig. 10 Variations of the surface friction coefficient along the channel

wall with respect to the dimensionless height of the channel at

different Ω

2472 M. Izadi et al.

123



Figure 13 pictures variations of dimensionless local

entropy generation due to the friction of the nanofluid in

terms of the dimensionless height of the channel. Overall

and for all values of the buoyancy parameter, the friction-

induced entropy generation is negligible compared with the

entropy generation due to heat transfer.

With an increase in the opposed buoyancy force, the

value of entropy generation due to friction, especially in

the inlet region, significantly increases. This arises from the

backflow phenomenon and the presence of vortices adja-

cent to the channel wall.

The point to be considered is that in the region of the

backflow occurrence, an increase occurs in entropy gen-

eration due to friction in this region (the area of backflow

occurrence) and the region close to the walls.

Figure 14 shows the variation of total dimensionless

entropy generation with respect to the channel height for

different buoyancy parameters. Also, the variation of

dimensionless average entropy generation is pictured in

Fig. 15. With an increase in the value of the opposed

buoyancy parameter, the total and average entropy gener-

ation along the channel height increase. This is due to the

occurrence of the backflow phenomenon and its effect on

the temperature and velocity gradients in the channel. It is

obvious that the flow that reaches extension in hydrody-

namic and thermal terms is faster; the entropy generation

inside the system reduces. According to Fig. 15, it is

observed that a little increase in the entropy generation

occurs by applying aligned buoyancy forces compared to

opposed ones.

Figure 16 shows the variation of the dimensionless

Bejan number for various buoyancy parameters. As already

mentioned, the contribution of entropy generation origi-

nating from friction on the total entropy generation is very

small. According to the figure, one can state that with an

increase in the opposed buoyancy forces, frictional entropy

generation increases, while entropy generation due to heat

transfer reduces. On the other hand, by defining the ratio of

the average Nusselt number to the average entropy gener-

ation as follows, it is possible to properly describe the

effect of the opposed buoyancy on heat transfer and irre-

versibility within the system.
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w ¼ NuAve

Ns;Ave
ð13Þ

Figure 17 shows the variation of the defined number in

Eq. (13).

According to the figure, one can see that with an

increase in the value of the opposed buoyancy parameter,

the ratio of the heat transfer rate to irreversibility decreases

within the system.

Conclusions

The effect of the opposed buoyancy force on the hydro-

dynamic parameters, thermal parameters and the entropy

generation of a nanofluid flow in a vertical channel has

been studied. The results for the different values of the

opposed buoyancy parameter (−100≥Ω≥−300) and the

Richardson number (−3≥Ri≥−1) have been presented. The

outcomes of the study can be summarized in the following

points:

● By increasing the opposed buoyancy force, the back-

flow phenomenon occurs in the inlet channel, while far

downstream, the opposed buoyancy forces cannot

overcome the inertial force of the mainstream, and

thus, the effects of the backflow are eliminated.

● By applying opposed buoyancy forces, the temperature

distribution in the channel dramatically changes.

● By increasing the opposed buoyancy parameter, a less

density of the isothermal lines and heat exchange

between the fluid and the channel wall take place.

● The occurrence of backflow causes a decrease in the

velocity at the sides of the walls and an increase in the

thickness of the thermal boundary layer.

● Increasing the opposed buoyancy force reduces the

CHT coefficient in the channel.

● In brief, friction-induced entropy generation is negligi-

ble compared with entropy generation due to heat

transfer.

● With the increase in the value of the opposed buoyancy

parameter, the ratio of the heat transfer rate to

irreversibility decreases within the system.
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