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ABSTRACT

This paper numerically investigates laminar mixed convection flow through an octagonal cavity
enclosure where four cases with different positions and directions of its lid-driven were simulated.
The lid-driven moves in horizontal rightward and leftward on its upper wall in the first and second
cases while it moves vertical upward and downward on its right side wall in the others cases. The
numerical study was carried out by solving the governing equations (continuity, momentum and
energy), and applying the tri-diagonal matrix algorithm (TDMA) method via ANSYS 11.0
program. Four of the eight external walls of the octagonal cavity enclosure are insulation walls and
the other four walls were classified into two hot and two cold walls. The mixed convection flow
and heat transfer characteristics through isotherms, streamlines and the average Nusselt number
were considered based on different Richardson numbers (Ri = 0.01, 1, and 10). The results
demonstrated that heat transfer mechanism, the flow pattern and formation of vortices are
significantly dependent on values of the Richardson number. Within the enclosure, the lid-driven
movements showed an improvement in the heat transfer rate where the direction of the sliding wall
considerably affected the flow and temperature distributions for all values of the Richardson
number. The Nusselt number of the lid-driven increased from 50 with the upward motion to 55 (10
% increase rate) with the downward motion counterpart, and increased from 12 to 17 (40 %
increase rate) with the rightward and the leftward motions, respectively.

Keywords: mixed convection, octagonal cavity, lid-driven, tri-diagonal matrix algorithm (TDMA).
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NOMENCLATURE:
_— . Description )
Symbol Description Unit Symbol Unit
(Greek Symbols)
Co Specific Heat J/kg.°C o Thermal Diffusivity m?/s
g Gravitational Acceleration m/s? g Volumetric Coeffluent of K*
Thermal Expansion
hy Film Coefficient u Viscosity N.s/m?
k Thermal Conductivity of Fluid W/m. °C v Kinematic Viscosity of the Fluid m?/s
L Side Length m p Density of the Fluid kg/m®
Nu Average Nusselt Number 4 Stream Function m?/s
p Pressure N/m? n} Unit Out Ward Normal Vector
Pr Prandtl Number, Pr=v/ « a Thermal Diffusivity m?/s
Volumetric Coefficient of 1
g Heat Flux watt B Thermal Expansion K
{q} Heat Flux Vector u Viscosity N.s/m?
Ri Richardson Number v Kinematic Viscosity of the Fluid m?/s
T Temperature °C
Bulk Temperature of the adjacent o
. C
fluid
Temperature of the surface of the o
Ts C
model
Vy Velocity Component in x-Direction m/s
Vy Velocity Component in y-Direction m/s
Cartesian Coordinate in Horizontal
X o m
Direction
Cartesian Coordinate in Vertical
Y m

Direction

INTRODUCTION

The flow and heat transfer of a lid-driven enclosure have taken a considerable interest in the recent
years due to their uses in the industrial and thermal instruments such as solar collector, heat
exchangers, and cooling of electronic devices [1]. Also, the combined mixed convection flow and
heat transfer find its applications in float glass production, material processing, crystal growth,
metal coating and casting [2]. In order to extensively understand the thermal performance and heat
transfer of the mixed convection flow in a lid-driven enclosure, numerous modeling and simulation
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studies considering both the buoyancy force and the shear force caused by the wall motion of the
cavity have been published in the literature. For example, Sivasankaran et al. [3] numerically
investigated the mixed convection flow in a square cavity with temperature on both vertical sides.
They found that the non-uniform heating on one wall gave lower heat transfer rate than that for
heating on both walls. Cheng and Liu [2] also investigated the effect of horizontal and vertical
temperature gradients on the flow and heat transfer behavior of mixed convection in a square cavity
for different Richardson numbers. The laminar mixed convection flow in a square cavity with
variations of the average Nusselt number was numerically simulated using ANSYS FLUENT
commercial CFD code by Akand et al. [4]. It was noticed that the Nusselt number does not clearly
vary with increasing Richardson number till it approaches the value of 1 with which the average
Nusselt number rapidly increased.

Furthermore, several numerical studies such as Ghasemi and Aminossadati [5] and Ching et al. [6]
indicated the heat transfer and fluid flow of mixed convection in a lid-driven triangle enclosure.
They found that the thermal performance of a triangle enclosure filled with water strongly affected
with the pertinent parameters i.e., direction of the vertical sliding wall, Richardson number and
solid volume fraction. The effects of inclination angle and Richardson number as well as aspect
ratio on the heat transfer in a air-filled square cavity were numerically simulated by Cheng and Liu
[7], and on heat transfer in a rectangular inclined channel by Marroquin et al. [8]. The heat transfer
in an inclined lid-driven enclosure with different magnetic field angles was investigated by Mondal
and Sibanda [9]. The simulation results showed that the increase of inclination angle does not affect
the flow and heat transfer when the flow is in a forced convection dominated regime (Ri = 0.01).
Nevertheless, the laminar mixed convection flow and heat transfer inside an octagonal lid-driven
enclosure has not been studied yet. Thus, this investigation attempts to address the effects of
several pertinent parameters such as the horizontal and vertical sliding wall motions, Richardson
number and the position of lid-driven whether right or top side on the thermal performance and heat
transfer of the octagonal cavity. The numerical analysis was done based on solving the governing
equations (Continuity, Momentum and Energy Equations) and using the tri-diagonal matrix
algorithm (TDMA) method via ANSY'S 11.0 program.

MODEL DESCRIPTION AND EQUATIONS

An octagonal cavity shape with four insulated walls, two hot and two cold walls as schematically
shown in Figure 1 was used in this study. The right and left walls of the octagonal cavity are
adopted as hot walls with Ty, and the top and bottom walls are adopted as cold walls with T.. Based
on the position and the direction of the lid-driven, four different cases were considered in the
analysis (see Figure 1). The case 1 adopts the horizontal top lid-driven, moving towards the right
hand side; the case 2 is the same as the case 1 expect that its lid-driven is moving towards the left
hand side. The case 3 considers the vertical right hand side of the lid-driven, moving upwards, and
the case 4 is similar to case 3 expect that its lid-driven is moving downwards. The working fluid
used in the cavity is air with Pr=0.71 and constant properties. The two-dimensional governing
equations (continuity, the momentum and energy equations) [3] based on a steady state one phase
and laminar incompressible buoyancy-induced flow were solved by using the commercial ANSYS
11.0 program as follows:
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Continuity equation [3]:

OX oy 1)

Momentum equations [3]:
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Enerqgy equation [3]:
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where Vy and Vy are the velocity components in the x and y direction, respectively; P is the pressure
and T is the temperature.

The boundary conditions applied to the computational model are assumed as follows:
(i) Velocity
Vx =Vy = 0 at all constant walls except that of the moved wall (lid-driven).

The variables U and —U refer to velocities of the horizontal lid-driven rightward and leftward
directions, respectively.

The variables V and -V refer to velocities of the vertical lid-driven upward and downward
directions, respectively.

(i) Temperature

T=Ty is assumed for all vertical right and left walls, and
T=T. is assumed for all horizontal top and bottom walls.
(iii) Stream function

Stream function for two-dimensional structure is computed based on the following equation [3]:

oy oy
X PVy and oY PVx ®)
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Local Nusselt number is chosen as an indicator for the heat transfer rate for the purpose of
determining the effect of several parameters on the heat transfer. The local Nusselt number is
defined as:

h,L (6)

NUl :T

, and the (hy) is obtained from the following equation
o fnj=nh, (T, - T,) W
Richardson number (Ri) is dimensionless which can be obtained from:

Ri = % ®)
e
where

_ 3
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Figure (1): Physical model and boundary conditions for four

3. Numerical solution

Over the computational domain, the grid system was done by unstructured quadratic elements, four
nodes which are unevenly distributed close to edge of the octagonal cavity enclosure where higher
grid densities are desired as shown in Fig. 2. The four nodes quadric elements of 43200 were
chosen for their more accurate results and low error tolerance. The governing equations are solved
with the convergence iteration of 10°® for each variable, and integrated over the domain with use of
the exponential interpolation in the mean flow direction inside the finite element. Using the finite
element ANSYS 11.0 program and employing the tri-diagonal matrix algorithm (TDMA), the
governing differential equations (continuity, momentum and energy equations) were solved. The
theory of TDMA algorithm is based on dividing the problem into a series of tri-diagonal problems.
For a completely unstructured mesh, or an arbitrary numbered system, the TDMA method reduces
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to the Gauss-Seidle iterative method and set of algebraic equations is solved based on the
successive under relaxation (SUR) technique where the 0.1 is taken as an under relaxation
parameter. Further details about the TDMA method can be found in Patanker [10]. The grid
independence test is normally applied to ensure the accuracy of the numerical results and determine
the approach grid density. In comparison of the average Nusselt number with number of nodes, the
average Nusselt number determined by the Eq. 6 is constant when number of nodes reached the
50,000 and higher as shown in Fig. 3.

Figure (2): A distinctive grid distribution with quadratic elements.
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Figure (3): Relationship between the average Nusselt number and number of nodes.
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RESULTS AND DISCUSSION

Results of the effects of horizontal and vertical sliding wall motion and the position of lid-driven
with three Richardson numbers (Ri =0.01, 1, and 10) based on magnitudes of the velocity of lid-
driven on the streamline, temperature and velocity distribution as well as Nusselt number inside the
octagonal enclosure are presented in the following sections.

1 Top horizontal rightward motion of the lid-driven (Case 1).
1.1 Flow field (streamline)

Figure 4a shows the behavior of vortex of the flow field (flow pattern) for Ri = 0.01 that gives high
velocity when applying the Eq. 8. It can be noticed that a single vortex generated inside the cavity
due to the high velocity of lid-driven that resulted in frictional losses and stagnation pressure [2].
The direction of horizontal rightward motion of the lid-driven which moves tangentially with the
vortex causing in a clockwise recirculation of the vortex. It can be also observed that the minimum
value of the vortex is at the middle of the cavity, and the maximum value of the vortex is near the
walls. The region of the fluid streamfunctions near the top moved lid-driven wall is almost smaller
than this near the others walls. This behavior is attributed again to the effect of the high velocity of
the lid-driven [11]. As Ri is increased to 1.0 (Fig. 4b), the effect of lid-driven on the flow pattern
becomes less stronger and the velocity is slower than that of Ri=0.01. However, the mechanically-
driven top lid resulted in the generation of two - top and bottom - vortices inside the cavity plays an
important role in increasing the heat transfer rates. These two vortices are approximately in equal
size and generated due to presence of free convection and its role that has become nearly
equilibrium with the role of force convection. Muthtamilselvan and Doh [12] found that Richardson
number strongly affect the fluid flow and heat transfer in the cavity and the forced convection
becomes dominant in the entire cavity. The top vortex moves in clockwise direction due to the
effect of lid-driven motion and the effect of hot wall on the left side whereas the bottom vortex
moves in counterclockwise due to the role of free convection resulted from the hot wall on the right
side. When Ri is further increased to 10 (Fig. 4c), the effect of the lid-driven motion is also caused
in generating two top and bottom vortices but they are in different sizes and rotate in different
directions.

1.2 Isothermal field (temperature distribution)

The effect of top horizontal rightward motion of the mechanically-driven lid (Case 1) on the
isotherm patterns (temperature distribution) for Ri = 0.01, 1, and 10 is shown in Fig. 4 d-f. In term
of Ri = 0.01 (Fig. 4d), the thermal boundary layer was observed on the hot right and left walls with
a small thickness at the top part of the hot right wall. This thickness increased gradually to reach
the maximum at the bottom of the same wall. At the hot left wall, the thickness of thermal
boundary layer is small at the bottom part of the wall and it increased gradually at the top side of
the wall. This is mainly due to the effect of moving air velocity that resulted from the high velocity
of the lid-driven which, in turn controls the heat transfer from the hot walls to inside the cavity.
With increasing Ri to 1 (Fig. 4e), the thickness of the thermal boundary layer on the hot wall and
the free convection is also increased, leading to maintain a nearly equilibrium between free
convection and force convection due to the reduction of the lid-driven velocity. Further increasing
of Ri into 10, the temperature distribution becomes more obvious than that with the Ri = 1 as
shown in Fig. 4f. This is ascribed to decrease the influence of the lid-driven velocity which means
that the free convection is the dominant heat transfer method inside the cavity [13].
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1.3 Velocity field

Figure 4g shows the velocity distribution of the fluid flow inside the cavity for Ri :Gr/Re2 =0.01.

For this designated Ri number, the velocity is the highest and the velocity boundary layer is small
near the moved lid-driven wall due to the high velocity of the fluid that restricted the expansion of
the layer.

On the opposite, it can be seen from the Fig. 4g that the velocity value is zero near the others walls
and at the middle of the cavity. Increasing the Ri number to 1.0 (Fig. 4h), the impact of the lid-
driven motion on the velocity is less stronger and hence the region of the velocity boundary layer
and the velocity distribution are larger than which for the Ri=0.01 due to the role of free convection
that becomes more effective in this case. The velocity distribution of the fluid is further increased
and the lid-driven velocity is further decreased with increasing Ri to 10 as shown in Fig. 4i. This is
contributed in the dominance of free convection in the cavity and increasing the heat transfer rates,
this finding is in conformance with that was noted in Khanafer's study [14]. The maximum velocity
was noted to be reached at the contact region between the two vortices while the minimum velocity
is occurred at the center of two vortices and near all walls except the sliding wall.

2 Top horizontal leftward motion of the lid-driven (Case 2).
2.1 Flow field (streamline)

In this case, the effect of the top horizontal leftwards motion of the lid-driven for three Richardson
numbers (0.01, 1, and 10) on the flow patterns and behavior of vortices of the flow field is
illustrated in Fig. 5a-c. In terms of Ri = 0.01 (Fig. 5a), as previously discussed within Case 1, a
primary vortex is generated inside the cavity due to the high velocity of the lid-driven that moves
leftwards, recirculating the vortex counterclockwise. The value of the vortex is maximized in the
middle of the cavity and it is minimized near the walls. The region of the fluid streamfunctions near
the sliding lid-driven wall is approximately smaller than this near the others walls. This is due to
the effect of the high velocity of the lid-driven. When Ri is increased to 1.0 (Fig. 5b), the effect of
lid-driven on the flow field becomes less effective and the velocity becomes lower than that with
Ri=0.01. However, this mechanically-driven top lid motion resulted in building two vortices inside
the cavity enclosure due to the role of free convection which becomes nearly equilibrium with the
role of force convection. These two upper-right and lower-left vortices are almost having similar
sizes. The upper-right vortex moves counterclockwise owing to the effect of lid-driven motion and
the effect of hot wall on the right side while the lower-left vortex moves clockwise due to the role
of free convection that resulted from the hot wall on the left side. As Ri is further increased to 10
(Fig. 5c¢), the effect of the lid-driven motion is also resulted in building two upper-right and lower-
left vortices but they are in different sizes and rotate in different directions.

2.2 Isothermal field (temperature distribution)

The effect of top horizontal leftwards motion of mechanically-driven lid (Case 2) on the isotherm
field (temperature distribution) for Ri = 0.01, 1, and 10 is shown in Fig. 5 d-f. For the Ri = 0.01
(Fig. 5d), the thermal boundary layer was seen on the hot right and left walls with a minimum
thickness at the lower part of the hot right wall and gradually increased to reach the maximum at
the upper part of the same wall. At the hot left wall, the thickness of thermal boundary layer is
small at the upper part of the wall and it gradually increases at the lower part of the same wall. This
is mainly due to the effect of velocity of the moved air that induces dominant of force convection in
the entire cavity. With increasing Ri to 1 (Fig. 5e), the thickness of the thermal boundary layer on
the hot wall is also increased due to the reduction of the lid-driven velocity which leads to increase
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the free convection and maintain the nearly equilibrium between free convection and force
convection. Further increase of Ri to 10, the temperature distribution becomes more obvious than
that with the Ri = 1 as shown in Fig. 5f. This is ascribed to vanish the role of the lid-driven velocity
which means that the free convection is dominant inside the entire cavity.

2.3 Velocity field

Figure 5g shows the velocity distribution of the fluid flow inside the cavity for Ri = 0.01 where the
velocity is the highest and the velocity boundary layer is small near the moved lid-driven wall. In
contrast, it can be seen from the Fig. 5g that the velocity value is zero near the others walls and at
the middle of the cavity. Increasing Ri to 1.0 (Fig. 5h), the role of the lid-driven motion on the
velocity is less effective and hence the region of the velocity boundary layer and the velocity
distribution are larger than which for Ri=0.01 owing to the role of free convection that becomes
more effective in this case. The velocity distribution of the fluid is further increased and the lid-
driven velocity is further decreased with increasing Ri to 10 as shown in Fig. 5i. This is contributed
in the dominance of free convection in the cavity and increasing the heat transfer rates. The
maximum velocity was noted to be reached at the contact region between the two vortices while the
minimum velocity is occurred at the center of two vortices and near all walls except the sliding
wall.

3 Right vertical upward motion of the lid-driven (Case 3).
3.1 Flow field

Figure 6a shows the flow pattern (streamline) for Ri=0.01 and the right vertical upward motion of
the lid-driven that moves in a high velocity. It can be seen that a large single vortex is generated
inside the entire cavity which is rotated anticlockwise direction. The minimum value of the vortex
(fluid streamfunctions) seems to be near the walls and its region which is near the hot right moved
lid-driven wall, is almost smaller than this near the others walls while the maximum region is at the
middle of the cavity enclosure. When Ri=1 (Fig. 6b), the single vortex seems to be a semi-elliptical
shape approaching the right sliding wall due to the increased effective of the free convection.
Meanwhile, the region of the minimum streamfunction in the hot left wall of the cavity increased.
As the Ri increased to 10 (Fig. 6c), the effect of free convection in the entire cavity becomes
dominant, leading to increase the deformation of the vortex which discussed in the previous case
(Fig. 6b) that resulted in separating the single vortex into two vortices [7]. The generated vortices
are in different sizes and rotating in two different directions. The larger vortex locates close to the
hot sliding wall and rotates anticlockwise whereas the other vortex locates on the hot left wall and
rotates clockwise. Similarly, this was also revealed in the Esfe et al.'s work [15] where they were
seen the vortex migration to higher positions inside the cavity occurred and higher heat transfer
rates obtained due to the change in the Ri number and then the lid-driven velocity.

3.2 Isothermal field

The isothermal field (temperature distribution) for Ri=0.01 is shown in Fig. 6d. It can observe that
the thermal boundary layer is contiguous on the hot right sliding wall and it is widely expanded to
reach its maximum thickness at the adjacent insulated top wall. This is attributed to the direct effect
of the mechanically-driven lid on the hot right wall. However, this layer is in its minimum
thickness at the hot top left wall and it is gradually expanded approaching the bottom of the same
wall. When Ri=1 (Fig. 6e), the temperature distribution is more obvious than that for Ri = 0.01 due
the reduced velocity of the lid-driven that caused in the occurrence of semi-equilibrium case
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between the free and force convection flow. With further increase of Ri to 10 (Fig. 6f), the
temperature distribution became semi symmetric around the vertical axis owing to the decreased
effect of a lid-driven velocity. In other words, the free convection dominates the entire cavity.

3.3 Velocity field

Figure 6g shows the velocity distribution of the fluid flow inside the cavity for Ri = 0.01 where the
velocity is the highest and the thickness of velocity boundary layer is small near the right upwards
sliding wall whereas the velocity value is zero near the others walls and at the middle of the cavity.
When Ri = 1 (Fig. 6h), the effect of lid-driven velocity is lesser and the velocity distribution inside
the entire cavity is wider than those for Ri=0.01 owing to the role of free convection that becomes
more effective. Consequently, the thickness of velocity boundary layer is expanded on the sliding
wall and the stagnation region is increased at the hot bottom left wall. Moreover, the lid-driven
velocity is further decreased and the velocity distribution of the fluid is further increased with
increasing Ri to 10 as illustrated in Fig. 6i. This is ascribed to the free convection that dominated
the entire cavity. The maximum velocity emerged to be in the middle of the octagonal enclosure
and the minimum velocity is at the centers of the generated vortices and near all the walls except
the hot right lid-driven. The velocity distribution is a semi-symmetric around the vertical axis with
a small deformation due to the force convection.

4 Right vertical downward motion of the lid-driven (Case 4).
4.1 Flow field

Figure 7a shows the flow field for Ri=0.01 under right vertical downward motion of a lid-driven. It
is demonstrated that a large single vortex is generated inside the cavity rotates clockwise due to the
high velocity of the sliding wall. The minimum value of the vortex (fluid streamfunctions) seems to
be in the middle of the cavity while the maximum value is near the walls. The minimum region of
the flow pattern is near the hot right downwards sliding wall and the maximum region is near the
others walls due to the dominance of the force convection [16]. With increasing Ri to 1, the large
single vortex is split into three longitudinal vortices (see Fig. 7b) with different sizes due to the
increased effect of free convection that resulted in a semi-equilibrium between free and force
convection heat transfer mechanism. The largest vortex locates near the hot left sliding wall and
moves in clockwise direction for the difference in hot and cold temperatures on the walls. The
second vortex generated due to the effect of the free and force convection, locates in the middle of
the cavity and rotates anticlockwise. The third vortex that lies near the hot right wall and rotates
clockwise, generated owing to the force convection. The latter vortex is almost vanished and the
two former vortices are enlarged with increasing Ri to 10 as shown in Fig. 7c. In this case, the free
convection is dominated in the cavity.

4.2 Isothermal field

Figure 7d shows the thermal boundary layer for Ri=0.01 is contiguous on the hot right sliding wall
and widely expanded to reach its maximum thickness at the adjacent insulated bottom wall due to
the direct effect of the mechanically-driven lid on the hot right wall. However, the minimum
thickness of the layer is shown on the hot bottom left wall and it is gradually expanded approaching
the top of the same wall. As Ri increased to 1 (Fig. 7e), the temperature distribution is more
obvious than that for Ri = 0.01 due the decreased velocity of the lid-driven that resulted in the
occurrence of semi-equilibrium case between the free and force convection. With further increase
of Ri to 10 (Fig. 7f), the temperature distribution became semi symmetric around the vertical axis
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due to the reduced effect of a lid-driven velocity which means that the free convection dominated
the cavity.

4.3 Velocity field

The velocity distribution of the fluid flow inside the cavity for Ri = 0.01 is shown in Fig. 7g. The
velocity is the highest and the thickness of velocity boundary layer is small near the right
downward lid-driven while the velocity value is zero near the others walls and at the middle of the
octagonal cavity. When Ri=1 (Fig. 7h), the effect of lid-driven velocity is lesser and the velocity
distribution inside the cavity is wider than that for Ri=0.01 due to the role of free convection that
becomes more effective. As a result, the thickness of velocity boundary layer is expanded on the
sliding wall and the stagnation region is increased at the hot bottom right wall. Additionally, the
velocity is further reduced and the velocity distribution of the fluid is further increased when Ri =
10 as shown in Fig. 7i. This behavior is occurred for the free convection that dominated the entire
cavity. The maximum velocity emerged to be in the middle of the octagonal cavity and the
minimum velocity is at the centers of the vortices and near all the walls except the sliding wall. The
velocity distribution is a semi-symmetric around the vertical axis with a small deformation due to
the force convection.

Heat transfer field

The variation in the Nusselt number (Nu) of the mixed convection flow for Ri= 0.01, 1, 10 and
different locations along the hot right wall was calculated and compared in Fig. 8. For which, four
different directions i.e., rightward, leftward, upward, and downward of the lid-driven were
considered. The designated hot right wall was equally partitioned into numerous grids in order to
calculate the average Nu in different positions. The calculated Nu exhibited that the heat transfer
rate at the hot right wall increases with decreasing Ri. The lid-driven moving towards left (case 2)
had a better heat transfer rate than the lid-driven moving rightwards (case 1). This is due to the
increased buoyancy effect and the increased air velocity inside the cavity [2]. Similarly, the lid-
driven moving downwards (case 4) had a better heat transfer rate than the lid-driven was moving to
upward (case 3). The vertical motion of the lid-driven whether upwards or downwards significantly
increases the heat transfer rates compared to the horizontal motion (rightwards or leftwards) that
exhibited a less effective on the heat transfer rates. In light of the relation of fluid motion and shape
of the octagonal cavity on the heat transfer rate; it was shown that such a shape tends to generate a
single circular vortex with the use of smaller Ri. With higher Ri values, the single vortex separated
into two or three vortices due to the reduction of velocity. This is resulted in significant increases of
the heat transfer rates.

Conclusion

The mixed convection flow and heat transfer in a lid-driven octagonal cavity filled with air fluid
was numerically studied using ANSYS 11.0 program. The horizontal rightwards, leftwards and
vertical, upwards and downwards directions were considered. The effect of different positions and
directions of the sliding wall and Richardson number on the flow, temperature fields and heat
transfer rate was examined. The results revealed the following findings:

- The flow pattern, temperature and velocity have significantly changed with changing Ri
numbers and the motion of the lid-driven.
- Any motion in the lid-driven showed an improvement in the heat transfer rate of the cavity.
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- For all Richardson numbers, the vertical downward and the horizontal leftward lid-driven
motions proved to have higher heat transfer rates compared to the vertical upward and the
horizontal rightwards lid-driven motions, respectively.

- The higher heat transfer rates increased with decreasing the Richardson number for the
strengthening of flow circulation due to effects of the sliding wall motion.
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Figure (4): Showing the streamlines, isotherms and the velocity body contours for top horizontal
riahtward motion of the lid driven mation with Ri = 0.01. 1. and 10.
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Figure (5): Showing the streamlines, isotherms and the velocity body contours for top horizontal
leftward mation of the lid driven motion with Ri = 0.01. 1. and 10.
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Figure (6): Showing the streamlines, isotherms and the velocity body contours for right vertical
upward motion of the lid-driven motion with Ri = 0.01, 1, and 10.
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Figure (7): Showing the streamlines, isotherms and the velocity body contours for right vertical downward
motion of the lid-driven motion with Ri = 0.01, 1, and 10.
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Figure (8): Variation of the local Nu along the hot right wall for cases 1, 2, 3, and 4 and Ri=0.01, 1, and 10.
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