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ABSTRACT 
This work investigates a combined influence of natural and Marangoni convection in a free surface square enclosure.  The upper 

free surface boundary is imposed to two cases: convective cooling and adiabatic. The bottom wall boundary of enclosure is 

exposed to an isoflux heat source whereas the left and right vertical walls are cooled isothermally. Two physical phenomena, 

buoyancy and thermocapillary flows are taken into account and they are visualized numerically under effect of a constant heat 

flux. The non-dimensional forms of the governing equations have been solved numerically by a finite volume method based 

heatline approach.  The present work is validated with other available in the literature.  The numerical results are obtained to 

observe the effects for various magnitudes of Marangoni number (-103 to +104), Prandtl number(0.015, 0.054, 0.16, 0.71, 6.2, 100), 

Biot number (0 to 100) and two magnitudes of Grashof number (2*104 and 2*105) on the isotherms, streamlines, heatlines, and 

local  entropy  generation.   It  is  found  that the heat transfer and fluid flow patterns are considerable modified by changing these 
 numbers. 

 

KEYWORDS:  square enclosure, free surface, finite volume method, heatline, entropy generation, isoflux heat source, 

thermocapillary flow. 
 

Nomenclature 

 
Cp 

 
Specific heat at constant pressure (kJ/kg.K) 
 

T Temperature (K) 

G Gravitational acceleration (m/s2) U Non-dimensional velocity component in x-direction 

K Thermal conductivity (W/m.K) u Velocity component in x-direction (m/s) 

L Height or Width of the enclosure (m) V Non-dimensional velocity component in y-direction 

P Non-dimensional pressure v Velocity component in y-direction (m/s) 

P Pressure (Pa) X Non-dimensional coordinate in horizontal direction 

Pr Prandtl number (�/α) x Cartesian coordinate in horizontal direction (m) 

q′′ Heat flux (W/m2) Y Non-dimensional coordinate in vertical direction 
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Ra Rayleigh number (���� 	
 ��)⁄  y Cartesian coordinate in vertical direction (m) 

    

Greek symbols  

Α Thermal diffusivity (m2/s) ε Ratio of heating element length to the height(%) 

Θ Non-dimensional temperature (T-Tc/ΔT) Π Heat function 

Ψ Non-dimensional stream function (m2/s) ΔT Ref. temperature difference (q" L/k) 

Ψ Non-dimensional stream function β Coefficient of thermal expansion (K-1) 

Μ Dynamic viscosity (kg.s/m) ρ Fluid density (kg/m3) 

Θ Kinematic viscosity  (μ /ρ)(m2/ s) ∅1 Irreversibility distribution ratio(�. 
/�)(� �∆
)⁄ 2 

Subscripts  

C Cold s Source surface 

H Hot   

Abbreviations  

Ma 

Min 

Marangoni number 

Minimum 

Max      Maximum  

v           Vertical heat source 
    B Base heat source 

 
INTRODUCTION 

 
In recent years, the buoyancy and thermocapillary effects on heat transfer in free surface enclosure have 

been studied and analyzed widely by a number of researchers. This interest was due to the variety of industrial 
processing such as drying and crystal growth melts.  At the free surface of fluid, the variation in surface tension 
with temperature causes fluid motion. This motion is called thermocapillary flow or Marangoni convection. On 
the other hand, the buoyancy force due to gravity force can be also causes fluid motion.  The convective flow 
driven by the both buoyancy and thermocapillary was directed opposite to each other[1]. The physical 
explanation of the abnormal direction of the thermocapillary flow was due to the presence of a small amount of 
a surface active impurity which lead adsorbed at the free surface [2].   

When reviewing the related previous studies, one can find most of the researches were concentrated on the 
combined mechanism of buoyancy and thermocapillary flow in a differentially heated vertical walls cavities[3-
16]. Saleh et al. [3] used heatline concept in their study to visualize the heat path of both of natural and 
Marangoni convection. They concluded that the heat transfer rate for any fluid type increases at the hot wall and 
decreases at the cold wall with increasing cooling intensity. Bergman and Ramadhyani [4] investigated 
computationally two dimensional combined buoyancy and thermocapillary convection in open square cavity and 
they showed that surface effects can significantly alter the buoyancy induced flow.  Strani et al. [5]concluded 
that the surface deformation had a negligible influence on the qualitative aspects of the flow field structure at 
low crispation number.  Cicek and Baytas[6] studied numerically the combined effects of natural and Marangoni 
convection in square cavity with three different cases of boundary conditions. Furthermore, the effect of positive 
and negative Marangoni number on fluid flow and heat transfer at different Rayleigh number was also 
considered. Jue [7] Showed  that temperature and concentration make opposing contributions to the flow and 
display local variance in temperature and concentration distributions near surface boundary.  Arbin et al.[8] used 
heatline approach to study the double-diffusive natural convection in an open top square cavity. They showed 
that the heat and mass transfer mechanisms for various magnitudes of the Marangoni number are strongly 
affected by the heater segment length. In addition, the  fluid flow, temperature and concentration distribution 
within the cavity are dependent on the surface tension mechanism, the heater segment and buoyancy ratio. 
Effects of the nanoparticle types and the concentration on the combined buoyant and Marangoni convection in a 
square cavity have been studied numerically by Saleh and Hashim[9]. They concluded that the  increase in the 
nanoparticle concentration leads to the decrease in the flow rates in the secondary cells when the buoyancy and 
thermocapillary forces have similar strength. Rudraiah et al. [10] investigated the effect of surface tension on 
buoyancy driven flow in a rectangular open cavity in the presence of a Magnetic field. They indicated that heat 
transfer increases with Marangoni number, whereas it decreases with Magnetic field. Saleem et al.[11] lately 
studied the double diffusive Marangoni convection in a square cavity in the presence of  a magnetic field.  Their 
results showed that both the heat and mass transfer rates increase with the increasing in chemical reaction 
parameter, whereas both the average Nusselt number and Sherwood number decrease with the increasing in 
Hartmann number. Also, the influence of an external magnetic field with the additional effect of internal heat 
generation on both buoyancy and thermocapillary convection flow were obtained numerically by Hossain et al. 
[12], where the free surface deformations were neglected.  
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The irreversibility phenomena due to heat transfer and viscous effects which are expressed by entropy 
generation are significant study of a natural convection system. Oztop et al.[13] conducted a numerical study of 
the three-dimensional combined buoyancy and thermocapillary convection inside a cubical cavity. They found 
that Marangoni number becomes more effective parameter on total entropy generation for lower magnitudes of 
Rayleigh numbers. Another paper by Saleem et al.,[14] studied the influence of thermocapillary forces on the 
natural convection of a viscous fluid confined in an open ended square cavity. They showed that the entropy 
generation due to heat transfer increases with the increase in Marangoni number, Prandtl number, Eckert 
number and Grashof number.  More recently, Basak et al.[15] used Galerkin finite element method to analyze 
the effect of inclination angle on heat flow and entropy generation during natural convection in inclined square 
cavities. The main simulation results were plotted in the patterns of temperature distributions, streamlines, 
heatlines, entropy generation due to heat transfer irreversibility and viscous effects irreversibility.  It was found 
that large heat transfer rate with less entropy generation occurs for inclination angle of 15° cavities at convection 
dominant mode  irrespective of Prandtl number.  Ilis et al. [16] investigated computationally the variations in the 
aspect ratio on entropy generation due to natural convection in a rectangular cavity with differentially heated 
vertical walls.  A numerical study of natural convective flows in an inclined rectangular cavity filled with air 
were carried out by Bouabid et al.[17]. Their results indicated that the entropy generation increases when the 
thermal Grashof number, irreversibility distribution ratio and aspect ratio of the cavity also increase.  The work 
proposed by Basak et al.[18] which applies the entropy generation method based on amount of available energy 
(exergy).  In their model, entropy generation due to natural convection has been solved numerically by using 
Galerkin finite element method for a laminar flow in right-angled triangular enclosures filled with porous media 
with different boundary conditions. 

According to what has been mentioned before in open literature, there has not been any numerical study 
that deal with free upper surface square enclosure subjected to bottom wall isoflux and constant cold 
temperatures at two vertical walls. Present work therefore aims to visualize of the streamlines, isotherms, 
heatlines, and local entropy generation of the combined mechanism of natural and Marangoni convection in 
upper free surface enclosure subjected to a constant bottom wall heat flux as boundary condition.  

 
1. Mathematical analysis: 
2.1 Physical description and basic assumptions: 

Two-dimensional square enclosure has free upper surface and three rigid walls. This enclosure is submitted 
to the isoflux heat source at bottom wall while the two vertical facing walls are kept at constant cold 
temperature.   In this study, different fluid are tested inside the enclosure. Fig. 1 shows the schematic drawing of 
the physical problem with its boundary conditions. There are some assumptions to simplified the problem model 
as follows: 

1- The fluid filling the enclosure is assumed to be incompressible and Newtonian.  
2- The  considered flow is steady and laminar. 
3- The gravity acts in the opposite to y-axis. 
4- Radiation heat transfer effects are negligible 
5- The interface between the gas and liquid is perfectly flat and perpendicular to the y-axis. 
6- A slip conditions is imposed on the flow velocity along a top free surface. 
7- The fluid thermal properties are independent of temperature except the density in the buoyancy term 

and surface tension which depend only on temperature. 
 

 
Fig. 1: Schematic diagram of two-dimensional free surface square enclosure and boundary conditions. 
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2.2 Governing conservation equations: 
Two-dimensional governing equations represented by mass, momentum and energy conservation equations 

for steady natural convection in a square enclosure can be written in non-dimensional quantities as follows: 
Continuity: ∂U

∂X + ∂V
∂Y = 0                                                                                                                                                                              (1) 

X-momentum: 

U ∂U
∂X + V ∂U

∂Y = − ∂P
∂X + Pr  ∂!U

∂X! + ∂!U
∂Y!"                                                                                                                           (2) 

Y-momentum: 

U ∂V
∂X + V ∂V

∂Y = − ∂P
∂Y + Pr  ∂!V

∂X! + ∂!V
∂Y!" + $% Pr! θ                                                                                                        (3) 

Energy: 

U ∂θ
∂X + V ∂θ

∂Y =  ∂!θ
∂X! + ∂!θ

∂Y!"                                                                                                                                                (4) 

The non-dimensional quantities in the above governing equations can be defined as follows : 

X = x
L ,   Y = y

L , U = uL
� , V = vL

α
,   P = pL!

ρα! , θ = T − T0∆T , ∆T = q′′L
k , Gr = gβ L�∆T

ϑα
, Pr = ϑ

α
, Bi = 67

89
6:

;9,  
 Ma = >?

>@
A′′BC
DE    

    
The values of U and V defined in term of stream function (ψ) as : 
 

  U = ∂ψ
∂Y ,                                                                                                                                                                                    (5) 

  V = − ∂ψ
∂X                                                                                                                                                                                 (6)  

The fluid motion is displayed by using the stream function as: ∂!ψ
∂X! + ∂!ψ

∂Y! = ∂U
∂Y − ∂V

∂X                                                                                                                                                           (7) 

The heat flow inside the enclosure is calculated using the heat function (Π) obtained from heat fluxes in 

both of conductive (diffusive) (− Iθ
IJ,− Iθ

IK) and convective (Uθ, Vθ). The heat function satisfies the steady energy 

balance equation (Eq. (4)) [15] such that: ∂Π
∂Y = Uθ − ∂θ

∂X  ,     − ∂Π
∂X = Vθ − ∂θ

∂Y                                                                                                                                  (8) 

Those yield a single equation, ∂!Π
∂X! + ∂!Π

∂Y! = ∂
∂Y (Uθ) − ∂

∂X (Vθ)                                                                                                                                        (9) 

The total entropy generation (ST)  in their non-dimensional forms is the sum of the entropies due to the 
irreversibilities  generation by viscous effects (SΨ) and thermal gradients (Sθ) as: N@ = NΨ + NO                                                                                                                                                                          (10) 

 
Where: 

NΨ = P: Q2 QRST
SUV! + RSW

SXV!Y + RST
SX + SW

SUV!Y                                                                                                              (11) 

Where ∅1 is called irreversibility distribution ratio which is defined as: 
2

1 .

.









∆
=

TLk

T αµφ o                                                                                                                                         (12) 

And 

NO = QRSZ
SUV! + RSZ

SXV!Y                                                                                                                                                       (13) 

 
2.3 Numerical method and boundary conditions: 

In the considered problem, the appropriate boundary conditions are arranged in non-dimensional forms as 
follows: 
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Along the left and right sidewalls: X = 0 & 1  and 0 ≤ Y ≤ 1         U(X, Y) = V(X, Y) = 0, θ = 0,ψ = 0 , n. ∇Π = 0 For Y = 1  and 0 ≤ X ≤ 1         
V(X, 1) = 0, ∂U

∂Y
= −Ma × ∂θ

∂X
, ∂θ
∂Y

=-Bi×θ, n. ∇Π = −Bi×θ − U × θ+ ∂θ

∂X
 

For Y = 0 and   0 ≤ X ≤ 1       
U(0, Y)=V(0, Y)=0,

∂θ

∂Y
=-1, ψ=0 , 

∂Π

∂X
=-1 

 
Validation: 

In order to demonstrate the precision of the present computed results, there are two validation in this study. 
A first validation was performed for  streamlines, isotherms, and heatlines in a free surface square cavity 
according to the results of Saleh et al.[3](see Fig. 2). A second validation was carried out with the entropy 
generation due to thermal gradient (Sθ) and viscous effects (SΨ) in a square cavity with hot left sidewall and cold 
right sidewall with adiabatic upper and bottom walls by Ilis et al. [16]  and Basak et al. [18] results (see Fig. 3). 

 

 
Fig. 2: Computed streamlines (left), isotherms (middle) and heatlines (right) with results of  Ref. [3] at Gr = 

20000, Ma = 1000, Bi = 1for two cases (a) Pr = 0.16  (b) Pr = 0.71. 

 
Fig. 3: Local entropy generation due to thermal gradient (Sθ) and viscous effects (SΨ) for square cavity at (a) Ra 

= 103 and (b) Ra = 105 for Pr = 0.7 with Ilis et al. [16]  and Basak et al. [18] results.  
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Discussion of results:  
The numerical results represented by the patterns of the streamlines, isotherms, heatlines and entropy 

generation are discussed for the set of related parameters in this work such as; Marangoni number (-104 to +104), 
Prandtl number (0.015 ,0.054 ,0.16 ,0.71 ,6.2 , 100), Biot number (0 to 100) and Grashof number (2*104 to 
2*105). 
 
4.1- Influence of Marangoni number: 

Fig.4 shows patterns of streamlines, isotherms, heatlines, and entropy generation due to  viscous effects and 
thermal gradients for different magnitudes of Marangoni numbers ( Ma = 0, 500, 1000, 3000, 5000, 10000 ) at ε 
= 1, Bi = 0 , Pr = 0.054, and Gr= 2×104.  It is observed that contours are similar about the vertical mid-plane of 
the enclosure. This is because of the symmetrical boundary conditions on the vertical walls on one hand, and  
neglect convective cooling effect at the upper free surface boundary on the other hand.  

Without the presence of shear at the free surface (Ma = 0), there is no surface tension effect on the flow. 
Therefore, the convection flow due to buoyancy force is mostly controlled on whole flow domain . When the 
temperature increases, the fluid flow rises upward vertically from the hot bottom wall because of density 
difference in fluid particles adjoining the hot bottom wall inside the enclosure and impinges on the top free 
surface, which travels horizontally towards the cold walls with opposite directions. The fluid falls downwards 
along the vertical sides at the cold walls and circulates again back horizontally at the hot bottom wall to the 
central region.  The fluid then develops two rotating streamline cells with opposite directions in the left half and 
the right half of the enclosure as shown in Fig. 4(a). The fluid flow covers the whole domain but it is weak 
because of lower Grashof number (2*104) and it is clear in magnitude of maximum stream function 
(Ψmax=+0.07109).  For low Marangoni number (Ma= 500), the surface tension effects lead to development of 
secondary flow representing by pair of rotating cells of almost equal strength and opposite directions of motion 
at the top free surface. These cells are driven by thermocapillary forces while the primary rotating cells at 
bottom wall driven by buoyancy force. These two forces are, thus, competing with each other. It is also 
observed that the streamlines cluster at the top free surface. The shear effect is strengthened at free surface (Ma= 
1000) which increases the free surface velocities, and consequently buoyancy force starts to decrease inside the 
flow field. While thermocapillary forces representing by the pair of rotating cells at the top free surface become 
larger effect. With increase in Marangoni numbers (3000 to 5000), the rotating cells at the top free surface is 
bulged inside the space of enclosure which is squeezed on a primary cells driven by buoyancy effect. With 
further increase in Marangoni number up to 10000, thermocapillary force predominates the entire domain, so 
buoyancy force becomes very small. Consequently, the two circulation cells fill entire domain inside the 
enclosure and the two minor corner cells located near the left and right vertical walls of the enclosure almost 
shrink and vanish. Thereby, Marangoni convection still prevails here. This flow is usually referred to as 
thermocapillary flow. As shown in Fig.4, the magnitudes of maximum stream function (Ψmax) increase with 
increasing Marangoni numbers (Ma=0 to Ma=10000, Ψmax=+0.07109 to Ψmax= +0.88593). The reason for this 
behavior is that the velocity of the fluid flow is increased with Marangoni number rise. Also, the Fig.4 shows 
that the isotherms decrease gradually from middle region of bottom wall to the upper region of the enclosure 
because of the influence of convection.  In addition, the isotherms contours are insensitive to the increasing 
Marangoni numbers surface.   

The trajectory of heat flow within the enclosure is illustrated by the heatlines contours. The  heatlines 
contours are different in behaviors from the isotherms contours. The reason of different behavior of  heatlines 
comes from intensify thermal mixing. In the absence of any surface tension effect, heat flows emanate from the 
hot bottom wall to the cold regions within the enclosure where it is stop there.  In the presence of surface tension 
effect at the free surface, heatlines turn as a two vortices at the upper corners of the enclosure due to 
thermocapillary force. As Marangoni number rise, these vortices drop downward in opposite direction to the 
path of heat flow.  

Aforementioned, the isotherms are condensed at the bottom wall especially in corners of wall. Therefore, 
the maximum entropy generation due to thermal gradient (Sθ, max) is found near corners of the bottom wall.  
When Ma=0, only natural convection due to buoyancy force is dominated on the fluid motion.  Therefore, the 
magnitude of SΨ,max is negligible with respect to magnitude of Sθ,max (see fig.4(a)). When Ma varied from 500 to 
3000, the local entropy generation in the enclosure is dominated by heat transfer irreversibility. This is due to 
the predominance of buoyancy convective inside the enclosure, which results from the decrease velocity 
gradients. For Ma = 5000, both the buoyancy and thermocapillary flows are competed with each other to 
predominate on fluid motion. Therefore, the magnitude of  Sθ,max  are approximately equal to magnitude of SΨ, 

max.  When Ma = 10000, the domination of viscous effect irreversibility depicts in Fig. 4(f). This is because of 
larger inertial effects( low Pr).  Finally, the main results shown in Fig.4 indicated that the entropy generation due 
to thermal gradient increases insignificantly with increasing of Marangoni numbers because of the lower 
Grashof number (Sθ,max=+9.26416 for M=0, Sθ,max=+9.26883 for Ma=500, Sθ,max=+9.2775 for Ma=1000, 
Sθ,max=+9.33961 for Ma=3000, Sθ,max=+9.40658 for Ma=5000, Sθ,max=+9.52774 for M=10000).  On the other 
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hand, The entropy generation due to friction effects concentrates near the free surface because of large intense 
flow except case when Ma is equal zero, The entropy generation due to viscous effects (SΨ) is also increased 
with increasing of Marangoni numbers(SΨ,max=+0.00692 for M=0, SΨ,max =+0.36109 for Ma=500, SΨ,max 
=+1.09943 for Ma=1000, SΨ,max =+5.17957 for Ma=3000, SΨ,max =+9.97252 for Ma=5000, SΨ,max =+23.6339 for 
M=10000).  

 

 

 
Fig. 4: Streamlines, isotherms, heatlines,and entropy generation due to thermal gradients(Sθ), viscous effects 

(SΨ) at ε=1, Bi=0,Pr = 0.054, and Gr= 2×104 for different Marangoni numbers: a)Ma=0, b)Ma=500, 
c)Ma=1000, d)Ma=3000, e)Ma=5000, f)Ma=10000. 

 
4.2-Influence of Prandtl number: 

In order to make a wide investigation, six Prandtl number magnitudes are considered: Pr=0.015, 0.054 and 
0.16 for liquid metals, Pr=0.71 for air, Pr=6.2  for water at 25 ℃ and Pr=100 for engine oil at 20 ℃.  Fig.5 
shows patterns of streamlines, isotherms, heatlines, and entropy generation due to thermal gradients and viscous 
effects for various Prandtl numbers at ε=1, Bi=1, Ma = 1000, and Gr= 2*105.  Because of the convective cooling 
effect at the upper boundary, these contours are unsymmetrical about the vertical mid-plane of the enclosure. 

When Pr =0.015,  the maximum velocity occurs at the top free surface because of no wall and consequently 
counter rotating cell appears in the streamlines near the center of enclosure. In the same time, the fluid flow hits 
and backs to opposite direction to result circulation cell which is located close to the upper-left corner at the free 
surface.  The high velocity near the free surface makes the temperature in there highly non-uniform especially 
close to the upper-left corner. On the other hand, the flow close to the bottom-right corner is relatively stagnant 
which is resulting small clockwise secondary circulations.  Influence of surface tension appears clearly at top 
free surface signify small Prandtl number effect. When Pr=0.054, the upper circulation cells inducing by surface 
tension decrease in size whereas the bottom cell increases in size because of increasing the buoyancy effect. 
When Pr increases to 0.16, thermocapillary force effect decrease more with increasing in buoyancy effect, as a 
results the upper cells are compressed and become equal size inside the enclosure. Consequently, the 
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magnitudes of the two driving forces are comparable signify occurring mixed convection as illustrated  in case 
of Pr to 0.71. As Pr increases to 6.2, buoyancy effect overcomes than thermocapillary effect. The strength of the 
fluid is seen to be higher with Ψmax=+11.9738 and occur slightly below the free surface. Increasing the value of 
the Pr to 100, results in an increased  magnitude of stream function  (Ψmax=+34.6825). The fluid motion inclines 
to left side because the buoyancy-driven convection mechanism predominates than thermocapillary convection 
mechanism. The isotherms become denser near the walls which indicates enhanced heat flow from the hot 
bottom wall to the cold regions. It is observed that the fluid temperature decreases inside the enclosure as Pr 
increases. This is due to decreasing thermal conductivity. Also, the magnitude of heat function (Π)  increases 
with increasing Pr. 

The entropy generation due to thermal gradient irreversibility, Sθ, is higher near the hot regions, where 
dense Sθ contours are concentrated. While the cold side walls also act as strong sites of entropy generation due 
to viscous effect, SΨ.  The maximum magnitude of SΨ occurs along the central portions of the side walls because 
velocity boundary layers exist there. When Pr varied from 0.054 to 0.71, the maximum magnitude of SΨ 
increases hardly with increasing Prandtl number (SΨ, max=+2.0186 to SΨ, max=+37.2302 for Pr=0.015 to  Pr=0.71). 
This is because of the increasing the magnitude of maximum stream function. For Pr = 6.2, heat transfer and 
viscous effect entropy generations are approximately equal. When Pr varied from 6.2 to100, the entropy 
generation in the enclosure is dominated by viscous effect irreversibility. It is noted that SΨ, max due to 
inclination of counter-rotation of circulation cells, also leads to significant entropy generation at higher Pr as 
seen from SΨ, max contours along the vertical mid-plane with SΨ, max=397.317 to SΨ, max=+11518.6 for Pr=6.2 to 
100.  We conclude from above that the viscous or friction effect irreversibility increases with increasing in Pr. 
This observed behavior is more clear for enclosures at high magnitudes of Grashof number (2*105).  While the 
heat transfer irreversibility Sθ decreases with increasing Pr (Sθ, max=+9.3734 to Sθ, max=+3.9269 for Pr=0.015 to 
Pr=100). This is because of decreasing thermal gradients with increasing Pr.  

 

 

 
Fig. 5: Streamlines, isotherms, heatlines,and entropy generation due to thermal gradients(Sθ), viscous 

effects(SΨ) at ε=1, Bi=1, Ma=1000, and Gr=2*105 for different Prandtl numbers: a)Pr=0.015, 
b)Pr=0.054, c)Pr=0.16, d)Pr=0.71, e)Pr=6.2, f)Pr=100. 



411-105, Pages: 6201 July) 11(10. Advances in Natural and Applied Sciences /6201 .,Amir-Qusay Rasheed Al           113 

 

4.3- Influence of Biot number: 
Fig.6 shows patterns of streamlines for both positive and negative Marangoni numbers (Ma = ∓1000) and 

different Biot numbers (Bi=0,10,30,50,75,100) at Pr=0.015,Gr= 105. Biot number plays a major role in 
transportation of heat mechanism.  

In the case of  Ma=+1000(on the upper row), the Marangoni number is taken to be positive by assuming 
that the influence of surface tension decrease as the temperature increases. In the absence of convective cooling 
effect or adiabatic free surface (Bi=0), a large anticlockwise rotating cell develops close to the core of the 
enclosure and two secondary cells create due to the temperature difference between the hot and cold regions, 
one of them close to the left of upper corner due to viscous effect and the other near the right of bottom corner 
of the enclosure due to buoyancy effect.  When (Bi = 10),the temperature of fluid at the free surface decreases as 
the Biot number increases due to presence a convection cooling.  The two secondary cells grow stronger due to 
improving the heat transfer rate. When (Bi = 30), the convective cooling at the upper free surface increases.  The 
buoyancy effect plays a leading role to predominate on fluid motion because the effect of Grashof number is 
much greater than Marangoni number. With further increase of Biot number from 50 to 100, more heat is 
transferred to the surroundings resulting in a higher fluid temperature gradient at the free surface. This 
phenomena will be accompanied by a gradient in surface tension. The cooler regions lead to strong influence of 
the surface tension and the warmer regions the surface tension will be reduced. Thereby, two secondary cell 
appear at free surface due to surface tension whereas two large rotating cells with opposite directions dominate 
over entire domain due to buoyancy force.  

For Ma =-1000 (on the lower row), where negative value of Marangoni number produces counteracting 
surface tension. When Bi=0,  a large rotation cell forms near right wall and two small streamline cells form at 
the upper and bottom corners of left wall of the enclosure. When Bi = 10, the external convection resistance 
decreases and causes the improvement transfer rates. Thereby, two small streamline cells merges to form a 
large cell while the large cell forming near from right wall begins reduce the size and shrink.  An increase in 
Biot number from 30 to 100 produces no more effective on the flow pattern because of the buoyancy force 
dominating the whole domain whereas surface tension becomes insignificant at the same magnitudes of 
Marangoni number.  

 

 
 

Fig. 6: Streamlines for different Biot numbers: a)Bi=0, b)Bi=10, c)Bi=30, d)Bi=50, e)Bi=75, f)Bi=100 at 
Pr=0.015, Gr= 2*105 for the case of Ma = +1000 (on the upper row), and Ma= -1000 (on the lower 
row). 

 
Concluding remarks: 

The study leads to the following conclusions: 
1-Without presence of convective cooling effect at the top free, the magnitudes of maximum stream 

function rises with increasing magnitudes of Marangoni number while the isotherms contours are insensitive to 
the increasing of Marangoni numbers. In addition, the entropy generation due to viscous effects increase with 
the increase in Marangoni number whereas the entropy generation due to heat transfer increases insignificantly 
with increasing of Marangoni numbers. 

2-When the Pr number increases, the stream functions, heatlines and entropy generation due to viscous 
effects are also increases, whereas isotherms and entropy generation due to heat transfer decrease as the Pr rise 
under the same aforementioned conditions. 

3-The  influence of the surface tension on the fluid motion is strong for the small magnitudes of Bi, whereas 
it is weak for the large magnitudes of Bi. 
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