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Abstract Heat transfer, fluid flow and entropy generation due to combined buoyancy and thermo-

capillary forces in a 3D differentially heated enclosure containing Al2O3 nanofluid are carried out

for different Marangoni numbers and different nanoparticles concentrations. The vector potential-

vorticity formalism and the finite volume method are used respectively to formulate and to solve the

governing equations and calculations were performed for Marangoni number from �103 to 103,

volume fraction of nanoparticles from 0 to 0.2 and for a fixed Rayleigh number at 105. An inten-

sification of the flow and an increase in heat transfer and of total entropy generation occur with the

increase in nanoparticles volume fraction for all Marangoni numbers.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The combined thermocapillary-natural convection is impor-
tant for understanding many engineering applications and
transport processes. The applications of this transport phe-

nomenon, are crystal growth, solar energy, cooling of electron-
ical devices, glass manufacturing, some chemical processing
and building heating and ventilation. Fluids used in these
applications such as water and mineral oils have restricted

designers, because of their low thermal conductivity. Thus,
nanofluids were developed to improve the heat exchange per-
formances. Nanofluids are dilute liquid suspensions of
nanoparticles with at least one critical dimension smaller than

(100 nm) suspended stably and uniformly in a base liquid. The
use of nanoparticles having high thermal conductivity pro-
duces a high thermal conductivity nanofluid. Many models

have been proposed, focusing mainly on parameters such as
geometry of nanoparticles, Brownian effects, temperature
and interaction between nanoparticles and the base fluid.

The first model was proposed by Maxwell [1] showing that
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Nomenclature

Be Bejan number

Cp specific heat at constant pressure (J/kg K)
g gravitational acceleration (m/s2)
k thermal conductivity (W/m K)
l enclosure width (m)

Ma Marangoni Number
n unit vector normal to the wall.
Ns dimensionless local generated entropy

Nu local Nusselt number
Pr Prandtl number
Ra Rayleigh number

S0
gen generated entropy (kJ/kg K)

t dimensionless time (t0:a=l2)
T dimensionless temperature ½ðT0 � T0

cÞ=ðT0
h � T0

cÞ�
T0
c cold temperature (K)

T0
h hot temperature (K)

To bulk temperature [To = (T0
c + T0

h)/2] (K)

V
!

dimensionless velocity vector (V
!0 � l=a)

x, y, z dimensionless Cartesian coordinates (x0=l; y0=l, z0=l)

Greek symbols
a thermal diffusivity (m2/s)
b thermal expansion coefficient (1/K)

q density (kg/m3)

l dynamic viscosity (kg/m s)

m kinematic viscosity (m2/s)
u nanoparticle or solid volume fraction
ue irreversibility coefficient

w
!

dimensionless vector potential (w
!0=a)

x! dimensionless vorticity (x!0 � a=l2)
DT dimensionless temperature difference

Subscripts

av average
x, y, z Cartesian coordinates
fr friction
f fluid

max maximum
nf nanofluid
s solid

th thermal
tot total

Superscript
0 dimensional variable
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thermal conductivity of nanofluid increases with increase in
volume fraction of solid nanoparticles.

Straub et al. [2] studied numerically the enhancement of heat
transfer by thermocapillary convection around bubbles. They
observed that oscillatory flow behavior occurs for higher Mar-

angoni numbers. Behnia et al. [3] solved the problem of com-
bined buoyancy and thermocapillary convection in an upright
cube with a top free surface while all other walls are considered
to be solid and impermeable. Equations were written using the

velocity-vorticity formulation and solved using approximations
of the finite difference method. Peng et al. [4] performed a work
to understand the characteristics of thermocapillary-buoyancy

flow of unsteady three-dimensional flow of 0.65cSt silicone oil
with Pr = 6.7 in an annular pool with different depths. An
example of application is presented by Lee et al. [5] on com-

bined thermocapillary and natural convection in rectangular
containers. They heated the fluid by a thin wire placed along
the free surface. They observed that the flow becomes oscilla-

tory when the convection becomes sufficiently large. Babu
and Korpela [6] solved the three-dimensional thermocapillary
convection in a cubical cavity. They used finite difference pro-
cedure to solve governing equations. Results were presented for

low Marangoni numbers. Oztop et al. [7] studied the combined
buoyancy-thermocapillary driven convection for different val-
ues of Marangoni and Rayleigh numbers inside a cubic cavity.

They mentioned that entropy generation due to heat transfer
and fluid friction increases with increase in Rayleigh and Mar-
angoni numbers and the flow structure is affected for both neg-

ative and positive values of Marangoni number. Heat transfer
enhancement in a two-dimensional enclosure utilizing nanoflu-
ids was investigated numerically by Khanafer et al. [8]. The
Please cite this article in press as: L. Kolsi et al., Numerical investigation of combined
with Al2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
results illustrate that the nanofluid heat transfer rate increases
with an increase in the nanoparticles volume fraction. The pres-

ence of nanoparticles in the fluid is found to alter the structure
of the fluid flow. These main findings are obtained in various
other configurations considered by Oztop and Abu-Nada [9],

Mahmoudi et al. [10,11], Mahmoodi [12], Mahmoudi and Seb-
dan [13], Nasrin, and Alim [14], Hassan [15] and Fontes et al.
[16]. Recently Kolsi et al. [17] investigated numerically natural
convection and entropy generation inside a three-dimensional

cubical enclosure filled with water-Al2O3 nanofluid. The second
law of thermodynamics was applied to predict entropy genera-
tion rate. The results explain that average Nusselt number and

total entropy generation increase when the nanoparticles vol-
ume fraction and Rayleigh number increase.

The only work found on combined thermocapillary buoy-

ancy convection of nanofluids is that of Aminfar et al. [21].
They presented a numerical investigation of thermocapillary
and buoyancy driven convection of silicone oil based nanofluid

with Al2O3 nanoparticles in a floating zone. The results indi-
cated that, in the absence of gravity, when thermocapillary
effect is the only source of convection, increasing the volume
fraction of nanoparticles causes an increase in nanofluid Mar-

angoni number, heat transfer coefficient and Nusselt number.
In the presence of gravity, increasing the volume fraction of
nanoparticles decreases both the thermocapillary and buoy-

ancy driven heat transfer coefficients and as a result the Nus-
selt number.

Therefore, it is seen from the above literature review that,

there is no research up to date dealing with the combined
thermocapillary-buoyancy convection and entropy generation
in a cubical cavity filled with a nanofluid. This represents the
buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
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Table 1 Thermophysical properties of water and Al2O3

nanoparticles.

Physical properties Water Al2O3

Cp (J/kg K) 4179 765

q (kg/m3) 997.1 3970

k (W/m K) 0.613 40

a � 107 (m2/s) 1.47 131.7

b � 10�5 (1/K) 21 0.85
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first original paper which is devoted to understand the double
effect of surface tension and adding nanoparticles on 3D nat-
ural convection.

2. Mathematical model

2.1. Definition of geometrical configuration and assumptions

The three-dimensional natural convective flow inside a cubical

enclosure [width = height = (l)] filled with water-Al2O3 nano-
fluid is considered in the present work. The physical model
with coordinates is presented in Fig. 1.

The left sidewall of the enclosure is maintained at hot tem-
perature, while the right sidewall is maintained at cold temper-
ature. The other enclosure walls are considered adiabatic. The

top surface of the liquid is free and in contact with the gas
above. The thermo-physical properties of base fluid (water)
and Al2O3 nanoparticles are listed in Table 1. The problem
is modeled mathematically based on the following

assumptions:

(a) The flow is considered Newtonian, three-dimensional,

unsteady, laminar and incompressible.
(b) Both the base fluid phase and nanoparticles are assumed

to be in thermal equilibrium state.

(c) Both the base fluid and nanoparticles have constant
thermo-physical properties and the density variation is
modeled using Boussinesq approximation.

(d) Heat generation and viscous dissipation in the fluid are
negligible.

(e) No slip occurs between base fluid and nanoparticles.
(f) The nanofluid is assumed to be in a single phase and

nanoparticles have uniform sizes and shapes.

In the present work, the Rayleigh number (Ra) is fixed at

105, while the solid volume fraction, (u) and Marangoni num-
ber (Ma) have been varied respectively from 0% to 20% and
�1000 to 1000. The Prandtl number of water (i.e. base fluid)

is taken as (Pr = 6.2).
Al2O3

Nanofluid

Tension-driven

Cold 
wall

Hot 
wall

x
zy

Figure 1 Physical model with coordinates.
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2.2. Governing equations and numerical solution

To solve the considered problem, the vorticity-vector potential

formalism ðw!� x!Þ is considered which allows in a 3-D con-

figuration, the elimination of the pressure gradient terms.
The vector potential and the vorticity are defined respectively
by the following two relations:

x!0 ¼ r!� V
!0 and V

!0 ¼ r!� w
!0 ð1Þ

The governing equations can be written in non-dimensional
forms as follows:

� x!¼ r2 w
! ð2Þ

@x!
@t

þ ðV!:rÞx!� ðx!� rÞV!

¼ Pr

ð1� uÞ0:25 ð1� uÞ þ u qs
qf

� �
2
4

3
5Dx!

þ Ra Pr
1

ð1�uÞ
u

qf
qs
þ 1

bs

bf

þ 1
u

ð1�uÞ
qf
qs
þ 1

" #
@T

@z
; 0;� @T

@x

� �
ð3Þ

@T

@t
þ V
!
:rT ¼

knf
kf

ð1� uÞ þ u ðqcpÞs
ðqcpÞf

2
4

3
5r2T ð4Þ

The time (t0), velocity (V
!0), vector potential (w

!0) and vorticity

(x!0), are put respectively in their dimensionless forms by l2/af,
af/l, af and l2/af and the non-dimensional temperature is

defined by T ¼ ðT0 � T0
cÞ=ðT0

h � T0
cÞ.

In the above equations, the dimensionless parameters,
Prandtl and Rayleigh numbers are defined respectively as

Pr ¼ mf
af

and Ra ¼ g:bf � DT:l3
mf � af ð5Þ

The effect of the Brownian motion of nanoparticles is

neglected and the expressions of the thermo-physical proper-
ties are given as below:
– The effective density of the nanofluid is given by Kahveci
[18] as follows:
buoyan
6.09.00
qnf ¼ ð1� uÞqf þ uqs ð6Þ

– The heat capacitance of the nanofluid is expressed as Kah-
veci [17]:
ðqCpÞnf ¼ ð1� uÞðqCpÞf þ uðqCpÞs ð7Þ

– The effective thermal conductivity of the nanofluid is

approximated by the Maxwell–Garnetts model as follows:
cy-thermocapillary convection and entropy generation in 3D cavity filled
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Please
with A
knf
kf

¼ ks þ 2kf � 2uðkf � ksÞ
ks þ 2kf þ uðkf � ksÞ ð8Þ
– The effective dynamic viscosity of the nanofluid is given by

Brinkman [19] asfollows:
lnf ¼
lf

ð1� uÞ2:5 ð9Þ
2.3. Boundary conditions

The boundary conditions for the present problem are given as
follows:

Temperature:

T ¼ 1 at x ¼ 1; T ¼ 0 for x ¼ 0 ð10Þ
@T

@n
¼ 0 on other walls ðadiabaticÞ: ð11Þ

Vorticity:

xx ¼ 0;xy ¼ � @Vz

@x
;xz ¼ @Vy

@x
at x ¼ 0 and 1 ð12Þ

xx ¼ @Vz

@y
;xy ¼ 0;xz ¼ � @Vx

@y
at y ¼ 0 and 1 ð13Þ

xx ¼ � @Vy

@z
;xy ¼ @Vx

@z
;xz ¼ 0 at z ¼ 0 and 1 ð14Þ

Vector potential:

@wx

@x
¼ wy ¼ wz ¼ 0 at x ¼ 0 and 1 ð15Þ

wx ¼
@wy

@y
¼ wz ¼ 0 at y ¼ 0 and 1 ð16Þ

wx ¼ wy ¼
@wz

@z
¼ 0 at z ¼ 0 and 1 ð17Þ

Velocity:

Vx ¼Vy ¼Vz ¼ 0 at x¼ 0;x¼ 1;z¼ 0;z¼ 1 and y¼ 0 ð18Þ
Vy ¼ 0;

@Vx

@y
¼�Ma

@T

@x
and

@Vy

@y
¼�Ma

@T

@z
at y¼ 1 ðfree surfaceÞ: ð19Þ

where the Marangoni number (Ma) is defined as follows:

Ma ¼ @r
@T

� �
DT
anflnf

ð20Þ

The generated entropy (S0
gen) is written in the following

form by Kolsi et al. [20]:

S0
gen ¼

knf

T2
0

@T0

@x0

� �2

þ @T0

@y0

� �2

þ @T0

@z0

� �2
" #( )

þ lnf

T0

2
@V0

x

@x0

� �2

þ @V0
y

@y0

� �2

þ @V0
z

@z0

� �2
� �

þ @V0
y

@x0 þ @V0
x

@y0

� �2

þ @V0
z

@y0 þ
@V0

y

@z0

� �2

þ @V0
x

@z0 þ @V0
z

@x0

� �2

8>>><
>>>:

9>>>=
>>>;
ð21Þ

The dimensionless local generated entropy (Ne) is written in
the following way:
cite this article in press as: L. Kolsi et al., Numerical investigation of combined
l2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
Ne ¼ knf
kf

@T

@x

� �2

þ @T

@y

� �2

þ @T

@z

� �2
" #

þuS

lnf

lf

2 ð@Vx

@x
Þ2þ @Vy

@y

� �2

þ @Vz

@z

� 	2� �

þ @Vy

@x
þ @Vx

@y

� �2

þ @Vz

@y
þ @Vy

@z

� �2

þ @Vx

@z
þ @Vz

@x

� 	2� �
8>>>><
>>>>:

9>>>>=
>>>>;
ð22Þ

where ue ¼ af
lDT

� 	2
T0 is the irreversibility coefficient.

The first term (Ne-th) of the dimensionless local generated

entropy represents the local irreversibility due to temperature
gradients and the second term (Ne-fric) represents the irre-
versibility due to viscous effects. It is useful to mention that

Eq. (22) gives a good idea on the profile and the distribution
of the dimensionless local generated entropy (Ne).

The total dimensionless generated entropy (Stot) is written
as follows:

Stot ¼
Z
v

Nedv ¼
Z
v

ðNe-th þNe�frÞdv ¼ Sth þ Sfr ð23Þ

The Bejan number (Be) is the ratio of heat transfer irreversibil-

ity to the total irreversibility:

Be ¼ Sth

Sth þ Sfr

ð24Þ

The local Nusselt number (Nu) is defined as follows:

Nu ¼ knf
kf

� �
@T

@x






x¼0;1

ð25Þ

While, the average Nusselt number (Nuav), on the isothermal
walls is expressed by the following:

Nuav ¼
Z 1

0

Z 1

0

Nu:dy:dz ð26Þ

The mathematical model described above was written into a

FORTRAN program. The control volume method is used to
discretize governing Eqs. (2)-(4) and (22). The central-
difference scheme is used for treating convective terms while

the fully implicit procedure is used to discretize the temporal
derivatives. The grids are considered uniform in all directions
with additional nodes on boundaries. The successive relaxation

iteration scheme is used to solve the resulting nonlinear alge-
braic equations. The time step (10�4) and spatial mesh (513)
are utilized to carry out all the numerical tests. The solution

is considered acceptable when the following convergence cri-
terion is satisfied for each step of time:

X1;2;3
i

max jwn
i � wn�1

i j
max jwn

i j
þmax jTn

i � Tn�1
i j 6 10�5 ð27Þ

For the numerical simulation we used an Intel core i7 micro-

processor with a 8 Go RAM, the time of execution was about
3 h for Ra= 105.

The validation of the used program and the justification of

the chosen mesh were made in the previous works of Oztop
et al. [7] and of Kolsi et al. [17].
buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
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3. Results and discussion

Thermocapillary effect is a surface tension driven phenomenon
and hence it primarily affects the flow near the free surface of

the cavity. Natural convection, on the contrary, is caused by
temperature gradients present in the body of the fluid and
for this reason its effects are distributed in the bulk of the flow

field. The results are presented for thermocapillary and buoy-
ancy driven convection of Al2O3 nanofluid with volumetric
concentration varying from 0% to 20%. The nanoparticles
are assumed to be spherical. The bulk temperature variation

is low enough for the reliability of Boussinesq approximation
in the range of applied Marangoni and Rayleigh numbers. Sev-
eral numerical test cases have been computed in order to study

the various effects of surface tension, buoyancy and nanopar-
ticles concentration on the flow structure of heat transfer and
entropy generation. The sign of Marangoni number (Ma) has

been chosen in such a way that positive Ma effect increases the
buoyancy convection and negative Ma opposes it.

Figs. 2 and 3 present respectively the particle trajectories

and projections of velocity vectors in the central x-y plan for
different Marangoni numbers and different volumetric concen-
trations of Al2O3 nanoparticles. In opposition with the 2D
cases the contours of the streamlines are not closed and parti-

cles move from a constant z plan to another. The flow struc-
ture is characterized by a central spiralling flow and a
‘‘peripheral’’ spiralling flow near the lateral walls. The
Ma= - 1000 Ma

φ 
= 

0
φ 

= 
0.

1
φ 

= 
0.

2

Figure 2 Some Particles trajectories for different Marangoni

Please cite this article in press as: L. Kolsi et al., Numerical investigation of combined
with Al2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
spiralling flow is divergent (toward the front and back walls)
near the lateral walls and convergent toward the x–y central
plan in the center.

In the absence of shear at the free surface (Ma= 0), the
flow exhibits two central vortexes, rising up along the hot wall
and sinking along the cold wall of the cavity.

For Ma= 1000, thermocapillary effect is added to the
buoyancy one causing an intensification of the flow especially
near the upper free wall. Compared to the Ma= 0 case the

flow structure is still constituted by two vortexes. Due to the
combination of buoyancy and thermocapillary forces these
vortexes are slightly higher.

For Ma= �1000, due to the negative value of Marangoni

number, there is an opposition of effects between buoyancy
and surface tension. The thermocapillary convection causes a
downward flow near the free surface while buoyancy driven

convection acts in the opposite direction. For this reason,
the two different contributions are clearly distinguished and
the flow is divided into two regions: the upper one where the

motion is induced by surface tension and the lower one driven
by buoyancy effects. The Marangoni effect is confined in the
upper right corner, with the apparition of a counter-rotating

thermocapillary vortex. This vortex is divergent from the cen-
tral plan toward the front and back walls. The appearance and
the position of the central spiralling flow are almost insensitive
to the thermocapillary effect but the opposition of the two

effects reduces the intensity of the flow.
=0 Ma=1000

numbers and different volume fractions of nanoparticles.

buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
6.09.005
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Ma= - 1000 Ma=0 Ma=1000
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2

Figure 3 Vector velocity projection in the central x-y plan for different Marangoni numbers and different volume fractions of

nanoparticles.
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For all Marangoni numbers, the flow intensity increases by
increasing the nanoparticles volume fraction as a result of high

thermal energy transport through the flow related to the high
movement of nanoparticles. This flow enhancement is accom-
panied by an enlargement of the thermal vortexes especially
for Ma= 1000, and in this case the distance between the vor-

texes centers increases from 0.398 to 0.472 by increasing the
concentration of nanoparticles from 0 to 0.2. For
Ma= �1000 the size of the thermocapillary vortex increases

also by increasing the volume fraction showing that adding
nanoparticles enhance both buoyancy and thermocapillary
effects.

To evaluate the thermocapillary effect on the three-
dimensional flow, the variation of the maximum of the trans-
Figure 4 Transverse velocity versus Marangoni number.

Figure 5 Iso-surfaces of temperature for different Marangoni

numbers and different volume fractions of nanoparticles.

Please cite this article in press as: L. Kolsi et al., Numerical investigation of combined
with Al2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
verse velocity according to Marangoni number is presented
in Fig. 4. This figure shows that the thermocapillary effect
increases the 3D character of the flow, and this increase is

more pronounced for positive Marangoni numbers. The add-
ing of nanoparticles enhances the 3D character of the flow
for negative Marangoni numbers and diminishes it for positive

numbers.
Figs. 5 and 6, present respectively the iso-surfaces of tem-

perature and the isotherms in the central x-y plan for different
Marangoni numbers and different volumetric fractions of
buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
6.09.005
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Ma= - 1000 Ma=0 Ma=1000

Figure 6 Isotherms in the central x-y plan for different

Marangoni numbers; u = 0 (Dashed) and u = 0.2 (Solid).
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Figure 7 Contours of local Nusselt number at cold and hot walls

for different Marangoni numbers and nanoparticles volume

fractions.

Figure 8 Average Nusselt number versus Marangoni number for

different nanoparticles volume fractions.

Combined buoyancy-thermocapillary convection and entropy generation 7
nanoparticles. For a pure fluid (u = 0) and for Ma = 0, the
isotherms at the center of the cavity are horizontal (vertical

stratification) and become vertical only inside the thermal
boundary layers at the vertical walls. This vertical stratification
breaks down with an increase in the volume fraction of

nanoparticles.
For positiveMa= 1000 there is a strong thermal boundary

layer located close to the upper-right corner due to the cooper-

ative effect of thermocapillary and buoyancy convections in
the vicinity of the free surface.

The negative Ma causes a penetration of hot fluid from the
upper right corner to the middle of the free surface due to the

combined effect of the two counter-rotating recirculations.
This penetration leads to the distortion of isotherms near to
the upper right corner. By increasing the volume fraction the

distortion becomes more intense due to the enlargement of
the thermocapillary vortex.
Please cite this article in press as: L. Kolsi et al., Numerical investigation of combined
with Al2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
Fig. 7 illustrates the contours of local Nusselt number at
hot and cold walls for different Marangoni numbers and dif-
ferent volume fractions. As seen from the figure, the values

of the iso-contours of local Nusselt number along hot wall
decrease from bottom to top (the reverse is true for the cold
wall) but they are almost symmetrically distributed. In the

presence of thermocapillary effect, iso-contours of local Nus-
selt number are concentrated near the bottom of the hot wall
especially for positive Marangoni numbers where huge num-

bers are formed. For negative Marangoni numbers there is a
reduction in local Nusselt number at the bottom of the hot
wall and an increase at the top. For the cold wall the thermo-
capillary effect is less influencing and a very light increase

occurs at the bottom. By adding nanoparticles an enhance-
ment of the heat transfer is noticed in the entire of the cold
and hot walls.

As presented in Fig. 8, by increasing the Marangoni num-
ber, Nusselt number increases, and this increase is more impor-
tant at hot wall than at the cold wall. As expected, in the

presence of the thermocapillary and buoyancy driven convec-
tion, the Nusselt number is greater for positive values of Mar-
angoni numbers and smaller for negative ones. As expected by

increasing the volume fraction, the Nusselt number increases
in both cases. It is noticed that for Ma � �330 there is equilib-
rium of heat transfers in cold and hot walls.

Contours of local entropy generation due to heat transfer,

fluid friction and total entropy generation for us = 10�4 are
presented for different Marangoni numbers and different vol-
ume fractions in Fig. 9.

As described before the isotherms are more closely packed
near the active walls and in the upper right corner of the cavity
(for Ma= �1000). In other words, a higher temperature gra-

dient exists in these regions of the cavity, and thus a greater
local entropy generation due to heat transfer occurs as a result.
In the same way the local entropy generation due to friction is

concentrated near to the active walls due to the high upward
and downward velocities. For Ma= �1000 contours occur
also at the upper right corner due to existence of the
counter-rotating thermocapillary vortex. The contours of total

local entropy generation are almost similar to the contours of
entropy due to friction indicating its dominance.

In Figs. 10–12, different forms of entropy generation are

shown for the effects of Marangoni number and nanoparticles
volume fraction. It should be noted in Fig. 10 that, the entropy
generation due to heat transfer increases by increasing volume
buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
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Figure 13 Bejan number versus Marangoni number for different

nanoparticles volume fractions.

Ma= - 1000 Ma=0 Ma=1000

Sth

Sfr

Stot

Figure 9 Contours of local entropies generation for us = 10�4;

u = 0 (Dashed) and u = 0.2 (Solid).

Figure 12 Total entropy generation versus Marangoni number

for different nanoparticles volume fractions.

Figure 10 Entropy generation due to heat transfer versus

Marangoni number for different nanoparticles volume fractions.

Figure 11 Entropy generation due to friction versus Marangoni

number for different nanoparticles volume fractions.
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fraction due to the higher temperature gradient and is quasi-
constant as function of Marangoni. However, Fig. 11 indicates

that the presence of thermocapillary effect increases entropy
due to friction. For Ma> �330 the increase in volume
Please cite this article in press as: L. Kolsi et al., Numerical investigation of combined
with Al2O3 nanofluid, Alexandria Eng. J. (2016), http://dx.doi.org/10.1016/j.aej.201
fraction causes the reduction in entropy generation due to vis-
cous effects. For Ma< �330 this variation is decreasing and

then increasing. Variation of total entropy generation is shown
in Fig. 12. As observed, the thermocapillary effect and adding
nanoparticles volume fraction increase the total entropy gener-

ation for both negative and positive Marangoni numbers.
Variations of Bejan number with Marangoni number for

different volume fractions are presented in Fig. 13. As seen

from the figure, Bejan number exhibits almost symmetric beha-
vior according to Marangoni number. The variation is non-
monotone with a maximum at Ma= �10. For a pure fluid
(u = 0), variation of Bejan number shows that entropy due

to viscous effect is dominant. This dominance reduces signifi-
cantly by increasing the volume fraction of nanoparticles.

4. Conclusion

In this study a numerical investigation into combined buoy-
ancy and thermocapillary driven convection and entropy gen-

eration within a 3D differentially heated enclosure containing
Al2O3-water nanofluid is performed. In performing the simula-
tions, the governing equations have been modeled using the

3D vorticity-vector potential formalism and then solved using
the finite volume method. The simulations have focused specif-
ically on the effects of nanoparticles volume fraction, and

Marangoni number on flow structure, isothermal distribution,
average Nusselt number and entropy generation within the
enclosure.
buoyancy-thermocapillary convection and entropy generation in 3D cavity filled
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The main important findings can be listed as follows:

� For Ma> 0, thermocapillary effect is added to the effect of

buoyancy causing an intensification of the flow.
� For Ma< 0, the thermocapillary convection causes a
downward flow near the free surface while buoyancy driven

convection acts in the opposite direction.
� For all Marangoni numbers, the intensity of the flow
increases by increasing the solid volume fraction of

nanofluid.
� By increasing the Marangoni number, Nusselt number
increases. This increase is more important at hot wall than
at the cold wall.

� The thermocapillary effect and adding nanoparticles vol-
ume fraction increase the total entropy generation for both
negative and positive Marangoni numbers.
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