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INTRODUCTION

The influence of buoyancy and thermocapillary forces
on heat transfer in free surface cavities were received exten-
sive study in recent years. The range of industrial processes,
including drying and crystal development melting, was
what sparked this curiosity. Surface tension differences at
a liquid-gas interface brought on by temperature differ-
ences generate fluid motion at the free surface. Marangoni
convection or Thermocapillary flow is the technical term
for such motion. Besides, fluid motion can also be brought
on by the buoyancy force. The convective flow was steered
in the opposite direction by the combined forces of ther-
mocapillary and buoyancy [1]. A little amount of a sur-
face-active contaminant was found to be the cause of the
thermocapillary flow’s anomalous direction [2].

Reviewing relevant earlier work reveals that the major-
ity of them [3-15] focused on thermocapillary convection
and combined buoyancy in cavities with differential heat-
ing. According to Saleh et al. [3] investigated cooling inten-
sity for any fluid type results in an increase in the amount of
heat transfer at the hot wall and a decrease at the cold wall.
In a computational analysis of constant convective flow in a
square cavity, Bergman and Ramadhyani [4] demonstrated
how surface tension effects can drastically change the buoy-
ancy-induced flow. For different Rayleigh numbers, Cicek
and Baytas [5] have been looked at the impact of a nega-
tive and positive Marangoni number on heat transfer and
fluid flow. Strani et al. [6] have been concluded that for low
crispation numbers, the surface deformation had no impact
on the qualitative characteristics of the flow field structure.
The heat lines approach was used by Arbin et al. [7] to
investigate the double-diffusive natural convection inside
an open-topped square cavity that was differentially heated.
They demonstrated how the heater segment length affects
the mechanisms of heat and mass transfer. Buoyancy ratio,
surface tension, and the heater segment all play a role in
the heat transfer, fluid flow, and concentration distribution
within the cavity. Jue [8] demonstrated how concentration
and temperature contribute to the flow in opposite ways
and how their distributions along the surface boundary
exhibit local variation. In the presence of a magnetic field,
Rudraiah et al. [9] investigated buoyancy and thermocapil-
lary induced flow. They said that while heat transfer dimin-
ishes in the presence of a magnetic field, it increases with
the Marangoni number. Also, research by Saleem et al. [10]
conducted investigations to study the double-diffusive con-
vection in presence of a magnetic field inside a square cav-
ity. The results demonstrated that while the heat and mass
transfer rates increase with an increase in the parameter
of chemical reaction, the average Sherwood number and
the average Nusselt number drop with increasing values of
Hartmann number. Furthermore, concentration buoyancy
has a higher influence on flow than thermal buoyancy does.

Additionally, Hossain et al. [11] investigated how an
external magnetic field affected combined buoyancy and

thermocapillary convection flow while also taking into
account the impact of internal heat generation. The study
of natural convection is significant due to the irreversibility
phenomena caused by fluid friction and heat transfer that
are reflected by entropy generation. In a cubical cavity, the
coupled three-dimensional buoyancy and thermocapillary
convection were solved by Oztop et al. [12]. For lower val-
ues of Rayleigh numbers, they discovered that the number
of Marangoni becomes a more powerful parameter on total
entropy generation.

Saleh and Hashim [13] investigated how different
nanoparticle kinds and concentrations affected buoyant
Marangoni convection in a square cavity that was variably
heated. They concluded that when convective thermocap-
illary and buoyancy forces are equivalent in strength, a rise
in nanoparticle concentration results in a drop in flow rates
in secondary cells. The magnitudes of the Grashof num-
ber and Prandtl number to be related to the active spot of
greatest entropy formation have been shown by Saleem et
al. [14]. The rate of entropy creation rises as the Marangoni
number rises. The visualization of heat flow and the forma-
tion of entropy during natural convection in inclined square
cavities were studied by Basak et al. [15] more recently
using a finite element simulation. Their result illustrated
that high rates of heat transfer with low entropy generation
occur regardless of the Prandtl number. In a rectangular
cavity with vertical walls that were heated differently, Ilis
et al. [16] studied the impact of aspect ratio on the forma-
tion of entropy owing to natural convection. The entropy
generation during natural convection in a rectangular
inclined enclosure was explored numerically by Bouabid
et al. [17]. They concluded that the thermal Grashof num-
ber, cavity aspect ratio, and irreversibility distribution ratio
all rise with increasing amounts of entropy. In lid-driven
enclosures filled with a porous media, several convection
modes, entropy generation caused by Marangoni effects,
side wall movement, and double-diffusive convection are
studied by Ahmed et al. [18]. The average Bejan number is
found to drop by 4.77% as the Bingham number increases
from 0 to 0.5. Kolsi et al. [19] studied the effects of insert-
ing a Carbon Nano Tube and providing a magnetic field on
the 3D-thermocapillary natural convection. The findings
showed that raising the volume fraction of nanoparticles
and changing the magnetic field’s strength and direction
have a significant impact on the rate of heat transfer and
flow structure. In a different study, Basak et al. [20] inves-
tigated the formation of entropy by natural convection in
right-angled triangle cavities having porous media and
top angles between 15° and 45° under varied tempera-
ture boundary conditions. A new method was used by
Joe Bobach et al. [21] to simulate and validate the surface
tension and phase change phenomena within a square
space. This method is based on the particle finite element
theory and was employed to simulate a series of test cases.
Moreover, Zailan et al. [22] conducted numerical study for
carried out the effect of Marangoni convection (Ma) with
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in two-dimensional C type enclosure contained the nano-
fluid. Where, the COMSOL program software are used for
numerical solutions. The observed that, the strength of the
flow increases with Ma. Moreover, Zisan et al. [23] numer-
ically investigated the Marangoni natural convection with
in a three-dimensional enclosure located a pair of discrete
heaters at the bottom and insulated the rest with insulation
the top too. Using the finite element method for solving the
Navier-Stokes and energy equations. They observed that
the shear stress builds up due to the surface tension gradi-
ent and causes to initiate an additional vortex. On the other
hand, Muhammad et al. [24] conducted a numerical inves-
tigation of a trapezoidal enclosure with a circular heated
cylinder with fluid-flow and heat transfer rate of nanofluid
inside. They found that the Rayleigh and Marangoni num-
ber were signification the strength of the flow. Also, Omer
[25] studied the Marangoni convection problem for hybrid
nanofluids. They using numerically to solve the partial
differential equation by Matlab. They concern on the skin
friction and Nusselt number at different water concentra-
tions and Marangoni effects for the magnetohydrodynamic
(MHD)flow of heat transfer over a stretching disk with
porous suction and injection. However, Naquib et al. [26]
conducted the fluid-flow and heat transfer rate of nanofluid
inside a trapezoidal enclosure with a circular heated cylin-
der. the boundary conditions is in one side of the wall was
cooled at constant temperature and the cylinder was placed
in different locations inside the enclosure. They observed
from results that the location of cylinder has a wide effect
on the Marangoni and Rayleigh number. While, Abbas et
al. [27] conducted the impact of heat generation on thermal
Marangoni convective boundary layer flow of dusty trihy-
brid nanofluid across a flat surface with thermal radiation
and non-linear mixed convection. They discover that their
increasing values of Groshof and Marangoni number lead to
the skin friction increases too. Also, higher surface tension
gradients lead to stronger induced flows and more efficient
heat transfer inside the liquid. Leila SAOUDI, and Nordine
ZERAIBI [28] investigated the flow of nanofluids in a cor-
rugated channel and the effect on the heat transfer perfor-
mance. The numerical simulation was conducted using
ANSYS-Fluent Software Ver. 16.0 investigating the entropy
generation as well as the thermo-hydraulic performance
for waving channel taking two corrugation profiles (sinu-
soidal and square). They observed that the thermodynamic
behavior of the Al,O;/water nanofluid in different geome-
tries, can be used to enhancement heat transfer in various
applications. Ferroud et al. [29] numerically investigation
the square fluid-filled cavity for investigation the entropy
generation in laminar mixed convection. The side-walls
are maintained at a constant temperature Tc, and moving
upper ward at a constant velocity. The previous conditions
presented to study the effects of irreversibility distribution
on the entropy generation for different engineering appli-
cations. However, the remaining parts of lower and upper
walls are adiabatic. They illustrated that, the total entropy

generation increase by increasing the irreversibility distri-
bution ratio and the increase of Prandtl number regardless
the values of Ri = 1 and Re = 100.

There has not been a numerical study that deals with
free surface square cavities subjected to bottom wall con-
tinuous heat flux, according to what has previously been
mentioned in the literature. Moreover, it can be used to
enhance the solar energy application, which is considered
one of the most important branches in the field of renew-
able energy, in addition to food storage. Therefore, the
current work aims to depict the streamlines, isothermal
lines, heat lines, and local entropy production for the mixed
natural and Marangoni convection in a free surface cavity
exposed bottom wall boundary to a constant heat flux. This
will enhance the engineering applications and open new
application field for square enclosure. Moreover, gives a
good imagination about the relation between the applied
uniform heat flux over the cavity and the surface tension
gradient and its applications for innovate investigation
depending on numerical solution of enclosure in point of
view the Marangoni effect.

PHYSICAL MODEL EXPLANATION AND
GOVERNING EQUATIONS

The cavity had the dimensions L x L with two verti-
cally facing walls that are kept cold (T,) and an upper free
surface that is continuously exposed to both natural and
Marangoni convection while a portion of the bottom wall
boundary is subjected to a constant heat flux (¢") and other
portions are kept adiabatically. The cavity is used in this
investigation to test various fluids. Figure (1) illustrates the
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Figure 1. Systematic diagram of physical model.
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outline of the schematic drawing of the physical model and

its boundaries. Concerning the model, the following broad

hypotheses apply:

The fluid flow within the cavity is two-dimensional,
steady, and laminar.

1- The fluid in the cavity is Newtonian and incompressible.

2- Gravity works in the opposite direction as the y-axis.

3- The fluid-free surface is flat and perpendicular to the
X-axis.

4- Radiative effects are negligible.

5- The velocity along a top-free surface is subject to a slip
boundary condition.

6- All fluid parameters remain constant, except for sur-
face tension and density change, which are only
temperature-dependent.

Under the aforementioned assumptions, the dimension-
less governing equations for the steady natural convection
flow in a two-dimensional square cavity can be outlined as:

Conservation of mass [27]:

0, 0,
ax () + 5y (7)) =0 (1)

Momentium equations:

17—6 ] 72 U) = 2 P)+P —62 U —62 U
iaX(i)+ 16Y(i)—_ax(i)+ r aXz(i)+ay2(i) (2)
0 _ 0 Ja . a
Ui&(Vi)+Vlﬁ(Vi)=—ﬁ(Pi)+Pr( 2(V)+ Z(V))+GTPT 9 (3)

Energy equations:
~ 9% z
Ui ax (9 )+ VL (9i) = (W @) + ﬁ(ﬂ')) (4)
The following definitions are provided for the non-di-
mension parameters:
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The heat function (IT;), which is derived from convective

heat fluxes (U;0;, V; 8;). To represent the heat flow inside the
a6;

cavity, heat fluxes (— 22,

96; -
- W) are utilized.
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The differential energy equation for the heat function is
given by equation (8) as follows:[15]

921l

0x?
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In their non-dimensional terms, thermal gradients-in-
duced entropy generation (So) and fluid friction -induced
entropy generation (Sy) , is defined as[27]:

< (o 2+ 98,\" .
ot \ox oy ©)
Sp;=T]2 an2+ 67i2+ aU+aV 10
v oxX oY oy tax) | 10
Where I'is the irreversibility ratio as follows:
_ Ko ( @ )?
r== (L.AT) (1)

To get the total entropy generation, the dimension-
less local entropy generation is integrated over the system
volume:

S\Tji:fV §9,i' av + fV S:zp'i .dV = S~9,f + gl}l’f (12)
The following definition applies to the local Nusselt

number of the heat sources[17]:

qHL

Nu - kf-(Ts_Tc)

(13)

The local Nusselt number is rearranged as follows using
the temperature dimensionless at heat source wall [26] and

[27]:
(28,
= an
wall

Integration of the local Nusselt number along the heat
source yields the average Nusselt number (Nu) [27]

(14)

1 2 —
=1 O . dX
(1-2y/2

Nu= (15)

In the current study, the boundary conditions in com-
bination with the governing equations can be written in
dimensionless terms as follows[27]:

At vertical walls: X=0and 1 and 0 < Y <1

P, =0,

X

U;=V,=0, 6;,=0, nVil; =0

~

At bottom horizontal wall:
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Y=0and (1-))/2<X<(1+2)/2
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NUMERICAL METHOD AND VALIDATION

The essential governing equations subject to boundary
conditions are numerically integrated by using the finite
volume approach, The Tri-Diagonal Matrix Algorithm iter-
ation was utilized to solve the resulting algebraic equations
line-by-line. Under the following condition, the iteration
process ends [17] and [27]:

Zl t+1 _ t|
_ 4ijlPij ij
- | t+1

ij

<107°

where y is the tolerance; t and B are the iteration number
and any of the computed field variables, respectively. The
grid pattern used in the current study is uniformly stag-
gered. Grid points of 51 x 51 is used to present the numer-
ical solutions. There are no noteworthy changes in the

|
pest

Figure 2. Mesh generation of present study.

average heat transfer as the grid size is increased from 51
x 51 to 81 x 81. The fields of the temperature and velocity
for the relevant case can therefore be resolved using a grid
size of 51 x 51, which has been accepted. In Figure 2, the
computational mesh is depicted.

There are three validations in this work to show the
accuracy of the current results Saleh et al. [3], Ilis et al. [16],
and Basak et al. [19]. As shown in Figure 3, Ilis et al. [16],
and Basak et al. [19] results were used for the first and sec-
ond validations of both entropy generation (Sy and Sg) in a
square cavity with hot left sidewall and cold right sidewall
and adiabatic upper and bottom walls. A third validation
was performed in accordance with the findings of Saleh et
al. [3] in square cavities with an upper free surface. Their
results as shown in Figure 4 were simulated for contours
of streamlines, isothermal lines, and heatlines, respec-
tively. These findings give reason to believe that the current
numerical technique is accurate.

NUMERICAL RESULTS AND DISCUSSION

The results for the contours of isothermal lines, stream-
lines, heatlines, and entropy generations are indicated for
different values of correlated parameters: Grashof number
(10* to 10°), Biot number (0 to 80), Prandtl number (0.054,
0.16, 0.71 to 6.22 and 100), and Marangoni number (-10°
to +10%).

Marangoni Number Effect

For several values of the Marangoni number (Ma = 0, 5
x 10%,1x 10% 3 x 10%, 5 x 10°, 10*), Figure 5 displays stream-
lines, isothermal lines and heatlines at Bi =0, € = 1, Gr =
10% and Pr = 0.054. The vertical center line of the cavity’s
cavity is seen to have symmetrical curves. The boundary
conditions on the vertical walls are identical and the disre-
gard for convective cooling at the top free surface boundary
is the cause of this.

When there is no shear at the free surface (Ma = 0),
surface tension does not affect the flow. As a result, the
buoyancy effect mostly governs convection. Because of
the different densities of the fluid particles abutting the
bottom wall inside the cavity, when the temperature rises,
the fluid flow rises from the bottom heated wall along the
vertical symmetry axis until it is impeded at the upper
free surface, directing the flow horizontally and in oppos-
ing directions towards the isothermal cold walls. Then,
the flow reverses back straight to the middle region after
reaching the bottom wall, falling along the left and right
sides of the cold walls. In the left and right halves of the
cavity, the flowing fluid, therefore, generates two spin-
ning cells with counterclockwise and clockwise rotations.
Because of the decrease in the value of the Grashof num-
ber (10*) and the size of the maximum stream function (
P .= +0.0711), the fluid flow is feeble inside the cav-
ity. When Ma is equal to 500, the effects of surface ten-
sion result in the production of secondary flow, which is
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Figure 5. Contours of streamlines, isotherm lines, and heatlines for various Marangoni numbers at Bi =0, € = 1, Pr = 0.054
and Gr = 104.

represented at the top free surface by a couple of circu- cells are propelled by thermocapillary forces. As a result,
lating cells with approximately equal strengths moving in  these two forces conflict with one another. Additionally,
opposite directions. Whereas the major circulating cells the streamlines are shown to concentrate on the upper free

at the bottom wall are propelled by buoyancy force. These surface. When the free surface shear stress is reinforced
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Figure 6. Entropy generation (Sg and Sy) for various Marangoni numbers Bi = 0, ¢ = 1, Pr = 0.054 and Gr = 104.
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(Ma = 1 x 10%), the free surface velocities increase, and
as a result, the buoyant force begins to diminish, and it
loses its ability to regulate fluid motion. While the effect of
the thermocapillary forces increases, which is represented
by a couple of circulating cells at the top free surface.
The rotation cells at the top free surface expand inside
the enclosing area as Marangoni numbers increase to 3
x 10°, which is compressed on a primary cell driven by
buoyancy action. When the Marangoni number is raised
higher, up to a value of 5 x 10° thermocapillary force
takes over the entire domain, making buoyancy force
relatively negligible. The two circulation cells as a result
take up the whole domain inside the cavity, whereas the
two minor corner cells next to the cavity’s left and right
vertical walls almost shrank and disappeared. The convec-
tion that is dominated by the Marangoni effect thus rules
in this area. Marangoni convection or thermocapillary
flow are two terms used to describe this flow. It can be
observed that when Marangoni numbers rise from Ma=o0,
P =+0.0711 to Ma =10%, P__ = +0.88593), the value
of the maximum stream function rises. This tendency is
caused by the fact that as the Marangoni number rises,
the fluid flow velocity also rises. Because of the signifi-
cant temperature gradient, as seen in Figure 5, the iso-
thermal lines drop throughout the midplane from bottom
to top and concentrate on the hot surface. Additionally,
the Marangoni numbers surface (known from the value of
0,,..) does not effect on the contours of the isothermal
lines. The curves of the heatlines show the direction of
heat movement inside the cavity. When compared to
isothermal line contours, heatlines contours behave dif-
ferently. Heatlines behave differently for reasons related
to intensified thermal mixing. When the surface tension
effect is not present, heat flows radiate from the heat flux
at the bottom wall and stop at the cold vertical walls. Due
to the thermocapillary force, a few heatlines rotate as two
swirls at the top corners of the cavity when the surface
tension effect is present. These vortices descend in the
opposite direction from the direction of heat flow as the
Marangoni number increases.

As indicated, the isothermal lines are concentrated
near the heat source at the bottom wall, particularly in its
corners. Therefore, heat transfer causes the most entropy
(So.max) to be formed at the corners of the bottom wall.
The findings shown in Figure 6 demonstrated that as
Marangoni numbers increase, the generation of entropy
due to heat transfer increases. (i.e. Ma = 0 to Ma = 5 x 103
S6 max = +9.2642 to Sg . = +9.4066 ). On the other hand,
the large, intense flow, except in the scenario where Ma is
equal to zero, causes the entropy generation caused by fluid
friction to concentrate on the free surface. The generation
of entropy resulting from fluid friction is likewise increased
as thermal Marangoni numbers rise. (Sy . = +0.0069 for
Ma= 0 to Sy q = +9.973 for Ma = 5 x 10°). Which is very
crucial for improving many engineering applications that
depends on Marangoni numbers.

Prandtl Number Effect

Five values of the Prandtl number are taken into account
in order to conduct a thorough investigation: Pr = 0.71 for
air, Pr = 6.2 for water at 25 °C, Pr = 100 for motor oil at
20 °C and finally Pr= 0.054, and 0.16 for liquid metals. For
different Prandtl values at Ma = 10%, Bi = 1, & = 1, and Gr
= 10°, Figure 7 displays streamlines, isothermal lines and
heatlines. These contours are asymmetrical about the cavi-
ty’s vertical center line due to the convective cooling effect
at the upper boundary.

Because there is no wall at the top free surface, as illus-
trated in Figure 7 (Pr = 0.054), the maximum velocity profile
appears there. As a result, the streamlines around the cav-
ity’s center show the appearance of a counter-rotating cell.
Near the top-left corner of the free surface, the fluid flow
encounters the rotation cell and then reverses direction.
The temperature there is significantly non-uniform due to
the high velocity near the free surface, particularly in the
top-left corner. The flow is largely motionless on the oppo-
site side towards the bottom-right corner which causes little
secondary clockwise circulations. A slight Prandtl number
effect is evident at the top free surface due to the impact
of surface tension. When Pr = 0.16, the size of the bottom
cell increases as a result of the buoyancy effect, whereas the
size of the top circulation cells caused by surface tension
decreases. The top rotating cells are compressed and equal
in size within the cavity as a result of the buoyancy effect
as Pr is raised to 0.71, which causes a further drop in the
thermocapillary force effect. Since both driving forces have
similar magnitudes, combined convection is likely to occur,
as demonstrated in the instance of Pr to 0.71. The buoy-
ancy effect grows more rapidly than the thermocapillary
effect when Pr approaches 6.2. With @ ___ = +11.974, it can
be seen that the fluid velocities are higher and happen just
below the free surface. The magnitudes of the stream func-
tion are found to be stronger when Pr is increased to 100
(P, = +34.683). Because buoyancy-driven convection
rather than thermocapillary convection is more prevalent,
the fluid motion tends to the left. As you get closer to the
walls, the isothermal lines get denser, indicating increased
heat transfer from the heated bottom wall to the top parts of
the side walls. It has been noted that the contours of stream-
lines and heatlines are identical. Additionally, because of the
increased thermal mixing within the cavity, the size of the
heat function grows with increasing Pr. On the other hand,
Figure 8 indicated entropy generation caused by tempera-
ture gradients and fluid friction for different Prandtl values
at Ma = 10>, Bi = 1, & = 1, and Gr = 10°. Where contours of
Sp are concentrated, there is a high value of Sy for entropy
generation resulting from heat transfer near hot places. Due
to fluid friction, the cool side walls also function as potent
entropy-generating sites. Along the middle of the side
walls, Sy is at its highest value. Intriguingly, the amount of
entropy generated by fluid friction barely increases as the
Prandt] number rises (i.e. Sy . = +3.4936 for Pr = 0.054
t0 Sy max = +37.23 for Pr=0.71). As observed from Sy ..
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contours along the vertical centerline with Sy .., = 399.217
to g:;.’max = +12519.3 for Pr = 6.2 to 100, results of Sy .., in
large entropy formation at higher Pr due to the inclination
of counter-rotation of circulation cells. As Pr increases from
Pr =0.015 to Pr = 100, the entropy generated by heat trans-
fer reduces from Sy . = +9.3734 to Sy ., = +3.9269.

Biot Number Effect
Figure 9 depicts the contours of streams for various val-
ues of Biot number (Bi = 0, 5, 10, 40, 80) for Pr = 0.054, Gr

= 10° for the two cases: (a) Ma = +10* and (b) Ma = -10°.
The Bi is crucial to the mechanism of heat transfer. In the
situation of Ma = +10%, it is believed that the surface tension
decreases with increasing temperature. A huge anticlock-
wise rotating cell and a small clockwise rotating cell respec-
tively appear towards the center and top corner of the cavity
when there is no convective cooling effect (Bi = 0). This is
brought on by a significant influence of surface tension and
a large temperature gradient near the free surface. Because
of the thermal gradient difference between the cold and hot

Pr=0.045
Pr=0.16
max= 03474 Mmax=+0.3119
Mmin=-0.3013
Pr=0.71
Fmax=+4.4977 Gmax= 0.2682 Amax=+0.6127
Penin- -4.9263 min=-0.3105
Pr=6.2
Pmax=+11.9738 Mmax=+0.8725
Fmin=-15.9195 Mmin=-0.7777
Pr=100

Gmax= 0.0987

Pmax=+34.6825
Pmin=-47.1271

Mmin=-1.4772

Figure 7. Contours of streamlines, isotherms and heatline for various Prandtl numbers at Bi=1, e=1, Ma = 10°, and Gr=10°.
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Pr=0.045

Pr=0.16

Pr=0.71

Pr=100

Figure 8. Entropy generation (S8 and S¥) for different Prandtl numbers at Bi=1, e=1, Gr=105 and Ma = 103.
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walls, a small clockwise spinning cell forms at the right bot-
tom wall corner. As the heat transfer rate improves for (Bi
=5), the circulation cell near the right corner of the bottom
wall starts to enlarge. The buoyancy effect dominates fluid
motion for (Bi = 10) because the convective cooling at the
top free surface rises. Surface tension has a weaker impact
as the Biot number increases (40-80), definitely as a result
of increased convection cooling at the upper free surface.
When the Marangoni number is negative (Ma = -10%), the
fluid motion slows down and a clockwise streamline cell
concentration occurs at the left cold wall (Bi = 0). The exte-
rior convection resistance lowers for high Biot numbers (Bi
= 5), which improves both transfer rates. When the sur-
face tension is negligible, changing the Biot number which
ranges from 10, 40, and 80 does not significantly affect the
flow pattern. When Gr = 10°, buoyancy forces for the same
Marangoni number values become stronger.

CONCLUSION

The following are the primary conclusions:

1- When there is no convection cooling impact on the
top free surface, the maximum stream function val-
ues increase as the Marangoni number grows, but the
isotherm contours are unresponsive to this change.
However, as the Marangoni number rises, the quantity
of entropy that produced by heat convection and fluid
friction also increases.

2- The heatlines, stream functions and entropy generation
due to fluid friction all increase as the Prandtl number
do, however, isothermal lines and entropy generation
owing to heat transfer reduce as the Pr number rises
under similar conditions.

3- For small values of Biot number, the effect of surface
tension on fluid motion is considerable; but it is weak
for large Biot numbers.

4- In this research raises in marangoni will help to undi-
minished of heat translated and induced several types of
vortices that may enhance free convection, which max-
imize the heat transfer and improves its utilization.

5- There are clear impact of the value of Prandtl on the
entropy distribution from the value 0.16 to 0.7.

6- Recommendations
This work can be modified by presented many types of

noise that may produce other effects on flow parameters in

duct, the research in following areas cab be recommended.

1. Using directly the square enclousure with marangoni
applications in solar collector in such away for decrease
the power required for industrial applications.

2. Using more that one working fluid like gas with water
for investigations the effect of marangoni number.

3. There many enclosure shapes can numerically anlyzied
and may give more efficient for natural convection with
marangoni.
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NOMENCLATURE
G, Specific heat at constant pressure (kJ/kg.K)
D  Cavity characteristic length m
g  Gravitational acceleration (m/s?)
k Thermal conductivity (W/m.K)
L  Height or Width of the cavity (m)
P Dimensionless pressure
p Pressure (Pa)
Pr  Prandtl number (9/a)
q" Heat flux (W/m?)
Ra Rayleigh number (gBL* ATO«)
T  Temperature (K)
T.  Temperature of the cold surface (K)
Greek symbols
a Thermal diffusivity (m?/s)
0 Dimensionless temperature (T-Tc/AT)
$  Dimensional stream function (m?/s)
U Dimensionless stream function
g Dynamic viscosity (kg.s/m)
9 Kinematic viscosity (1 /p) (m?* s)
Subscripts
C Cold
h Hot
Abbreviations

Ma Marangoni number

Min Minimum

Base heat source

Local Nusselt number on the heat source surface
Average Nusselt number along the heat source
Dimensionless velocity component in x-direction
Velocity component in x-direction (m/s)
Dimensionless velocity component in y-direction
Velocity component in y-direction (m/s)
Dimensionless coordinate in horizontal direction
Cartesian coordinate in horizontal direction (m)
Dimensionless coordinate in vertical direction
Cartesian coordinate in vertical direction (m)”
Ratio of heating element length to the cavity height (%)
Heatfunction

Ref. temperature difference (q” L/k)

Volumetric coefficient of thermal expansion (K™)
Density (kg/m?)

z o
[=]

o
[

‘O'@Z:Rm% KK O <ttt A Z
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