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The present work is aimed to study mixed convection heat transfer characteristics for a lid-driven air flow
within a square enclosure having a circular body. Flows are driven by the left lid, which slides in its own
plane constant velocity. This wall is isothermal and it moves up or down in y direction while the other
walls remain stationary. The horizontal walls are adiabatic. The cavity is differentially heated and the left
wall is maintained at a higher temperature than the right wall. Three different temperature boundary
conditions were applied for the inner cylinder as adiabatic, isothermal or conductive. The computation
is carried out for wide ranges of Richardson numbers, diameter of inner cylinder and center and location
of the inner cylinder. It was found that the most effective parameter on flow field and temperature dis-
tribution is the orientation of the moving lid. The circular body can be a control parameter for heat and
fluid flow. An interesting obtained result that the thermal conductivity becomes insignificant for small
values of diameter of the circular body.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The lid-driven cavity flow has been a topic of great interest
since it is frequently encountered in engineering applications.
These applications include cooling of electronic equipments, dry-
ing or geophysics studies. These are listed in the study of Shankar
and Despande (2000), Sharif (2007), Oztop and Dagtekin (2004). It
is also an important problem in applied mathematical science to
obtain benchmark result from written codes as given Mansutti
et al. (1991), Ghia et al. (1982) and Bruneau and Saad (2006).

Ghia et al. (1982) used the driven flows in a square cavity as a
model problem to study the effectiveness of the coupled strongly
implicit multigrid (CSI-MG) method in the determination of high-
Re fine-mesh flow solutions. Aydın (1999) showed the aiding and
opposing mechanisms of mixed convection in a lid-driven cavity
with moving vertical wall. He categorized the results for three flow
regimes as the forced convection (Ri� 1), the mixed convection
(0.1 6 Ri 6 10) and the natural convection (Ri� 1). Moallemi and
Jang (1992) numerically studied mixed convective flow in a bottom
heated square driven cavity and investigated the effect of Prandtl
number on heat transfer. They observed that the effects of buoy-
ancy are more pronounced for higher values of Prandtl number.
Torrance et al. (1972), Iwatsu et al. (1993), Iwatsu and Hyun
(1992), Mohammad and Viskanta (1993), Iwatsu and Hyun
ll rights reserved.
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(1995) and Chamkha (2002) investigated the heat and fluid flow
in lid-driven enclosures.

Convective heat transfer in cavities or channels can be con-
trolled by inserting a body. The technique is mostly used to en-
hance the heat transfer using passive methods. There are many
studies on natural convection in an enclosure with circular body
in the literature Dong and Li (2004), Cesini et al. (1999), Kim
et al. (2007), Jami et al. (2007) and Angeli et al. (2008).

Studies on mixed convection in lid-driven enclosures and natu-
ral convection in circular body inserted enclosures are cited up to
this point. As seen from the literature that mixed convection in
lid-driven enclosures with circular body insertion at different ther-
mal boundary conditions is not accounted in these studies. How-
ever, control of flow fields and temperature distribution can be
obtained by a circular body in lid-driven enclosures.

Literature on body inserted lid-driven enclosure is sparse.
Mansutti et al. (1991) used the lid-driven flow in a square annulus
as a benchmark problem to show the validity of the Discrete Vector
Potential Model. They showed that the presence of inner square
body inside the enclosure produces a secondary recirculating re-
gion in the part of the annulus with sliding wall. For increasing val-
ues of the Reynolds number, the circulation is convected away
from the original symmetrical position at Re = 400 and it remains
confined in a region close to the inner boundary for the larger val-
ues of Reynolds number. Dagtekin and Oztop (2002) inserted an
isothermally heated rectangular block in a lid-driven cavity at dif-
ferent positions to simulate the cooling of electronic equipments.
They found that dimension of the body is the most effective param-
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Nomenclature

A aspect ratio
c center of location of the circular body
Cp specific heat
D diameter
Gr Grashof number
H height of the cavity
K thermal conductivity ratio
L length of the cavity
n any direction
Nu Nusselt number
P Pressure
Pr Prandtl number
R radius
Re Reynolds number
Ri Richardson number
T temperature

T0 characteristic temperature
Th temperature of the hot wall
Tc temperature of the cold wall
u, v velocities
x, y dimensional coordinates
X, Y dimensionless coordinates

Greek letters
k thermal conductivity
q density
t viscosity
b thermal expansion coefficient

Subscripts
c cold
h hot

Fig. 1. (a) Schematical configuration of considered model with coordinates and
boundary conditions, (b) grid distributions.
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eter on mixed convection flow. Öztop and Dağtekin (2001) investi-
gated the flow motion in a lid-driven enclosure with a rectangular
body. In this case, the left vertical wall moves at constant speed.
Oztop (2005) inserted a small rectangular body inside a lid-driven
enclosure. Thus, different flow regimes can be investigated inside
the enclosures as pouseuille and coutte flow. Shi and Khodadadi
(2002, 2004, 2005) attached a moving fin onto the fixed vertical
wall of the top-side moving enclosure to control unsteady flow
and heat transfer. They showed that heat and fluid flow can be con-
trolled using thin fin in lid-driven enclosures.

The main objective of the present study is to examine the ef-
fects of inserted circle shaped body into lid-driven enclosure on
mixed convection heat transfer. We investigated the problem for
three different thermal boundary conditions of inserted body as
conductive, adiabatic and isothermal. Two different orientations
(+y and �y directions) of the moving lid is studied to simulate
the aiding and opposing flows. The above literature survey clearly
shows that there is no study on mixed convection in a lid-driven
cavity having a circle shaped body. Streamlines, isotherms, velocity
profiles and Nusselt numbers will be present in next parts of the
study for different Richardson numbers and thermal conductivity
ratio values.

2. Model

The configuration is shown in Fig. 1a. The left side of the enclo-
sure moves in +y and �y direction at constant velocity. It is a
square enclosure (aspect ratio, A = H/L = 1). The temperature of
moving wall is higher than that of right vertical wall and both of
them are isothermal. Horizontal walls are insulated. A circle is in-
serted inside the enclosure with finite radius (R) and location of
center of circle is shown by c = c (x, y). The inserted body has three
different temperature boundary conditions as isothermal, conduc-
tive or adiabatic. In this configuration, z-axis of the coordinate sys-
tem coincides with the cylinders longitudinal axis, while the y-axis
is parallel and opposed to the gravitational field. Thus, the cavity
along z direction is assumed to prevail over L and the flow and tem-
perature fields can be modeled as two-dimensional. Fig. 1b shows
the detail of grid for steady-state predictions.

3. Theory

The equations describing the problem under consideration are
based on the laws of mass, linear momentum and energy with
buoyancy forces. Energy equation was written using Boussinesq
approximation. It means that all physical properties of fluid are
assumed to be constant except the density variation in body force
term of the momentum equation. Radiation mode of heat transfer
is neglected according to other modes of heat transfer. Viscous dis-
sipation and pressure work are also neglected. Taking into consid-
eration the above-mentioned assumptions, equations can write in
dimensional form,



Table 1
Grid independency check for Re = 1000, Gr = 105, c = c (x = 0.5, y = 0.5) and R = 0.15.

Grid number Mean Nu of hot wall Mean Nu of cold wall

25 � 25 8.58 6.66
50 � 50 8.96 7.02
75 � 75 9.08 7.15
100 � 100 9.13 7.21
125 � 125 9.13 7.21

888 H.F. Oztop et al. / International Journal of Heat and Fluid Flow 30 (2009) 886–901
ou
ox
þ ov

oy
¼ 0 ð1Þ

u
ou
ox
þ v ou

oy
¼ � 1

q
oP
ox
þ m

o2u
ox2 þ

o2v
oy2

 !
ð2Þ

u
ov
ox
þ v ov

oy
¼ � 1

q
oP
oy
þ m

o2v
ox2 þ

o2v
oy2

 !
þ gqbðT � TCÞ ð3Þ

u
oT
ox
þ v oT

oy
¼ k

qCp

o2T
ox2 þ

o2T
oy2

 !
ð4Þ

Reynolds, Prandtl, Grashof, Richardson numbers and dimensionless
temperature, thermal conductivity ratio are given respectively by
Eq. (5). The thermal conductivity ratio is defined with the ratio of
thermal conductivity of air to solid.

Re ¼ VpH
t

; Pr ¼ t
a
; Gr ¼ gbðTh � TcÞH3

t2 ; Ri ¼ Gr
Re2 ;

h ¼ T � T0

Th � Tc
; K ¼ kair

ksolid
: ð5Þ

Velocities and pressure are

U ¼ u
Vp

; V ¼ v
Vp

; P ¼ p
qV2

p

: ð6Þ

Dimensionless coordinates are

X ¼ x
L
; Y ¼ y

L
: ð7Þ

Heat conduction equation in solid part is given as
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Using the above parameters, the governing Eqs. (1)–(4) can be writ-
ten in dimensionless form as
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Boundary conditions
Boundary conditions on the moving wall is

U ¼ 0; V ¼ 1ðlid moves upwardÞ or V

¼ �1ðlid moves downwardÞ; h ¼ hh ð14Þ

On the right wall;

U ¼ V ¼ 0; h ¼ hc ð15Þ

On top and bottom walls

U ¼ V ¼ 0;
oh
oY
¼ 0 ð16Þ

As we indicated above that we have three different thermal bound-
ary conditions for circular body as
For conductive;
oh
on

� �
solid
¼ K

oh
on

� �
fluid

ð17Þ

For isothermal; h ¼ 0:5 ð18Þ

For adiabatic;
oh
on
¼ 0 ð19Þ

As well known from the literature that Richardson number is a
measure of the relative strength of natural convection and forced
convection for a chosen problem. Thus, Ri ? 0, the heat transfer re-
gime is forced convection and Ri ?1, natural convection. When
Ri � 1 natural convection effects are comparable to the forced con-
vection effects.

3.1. Numerical procedure

The solution of governing equations in Eqs. (1)–(4) is made by
finite control volume technique. Thus, the equations are integrated
over the control volume. Eq. (5) is also solved in the solid part of
the cavity. This is two dimensional heat conduction equation. Then,
algebraic equations were obtained. The SIMPLE method is used to
couple the velocity and pressure term (Patankar, 1980). QUICK
(Quadratic Upwind Interpolation for Convective Kinematics)
scheme (Hayase et al., 1992) is performed for the discretization
of convective terms in the momentum and energy equations. The
calculations are done using the FLUENT (2002) version 6 commer-
cial code. Conjugate boundary conditions can be found in any re-
lated paper as Varol et al. (2008).

3.2. Evaluation of Nusselt number

First of all, the result contains dimensionless velocities in x-and
y-direction (u, v) and dimensionless Nusselt number both on left
and right wall. The local Nusselt number along the wall is defined
as

Nuy ¼ �
oh
oX

� �
w

ð20Þ

The above equation defines convective heat flux along the cavity.
The average Nusselt number is calculated by integrating as

Nu ¼ 1
A

Z 1

0
NuydX ð21Þ
3.3. Grid independency and validation of the study

We presented the grid distribution for computational model in
Fig. 1b. Grid independency test is important for this study due to
complexity of the computational domain. We made also several
test on grid independency by using different grid dimensions from
25 � 25 to 125 � 125. The results are obtained for mean Nusselt
numbers at Re = 1000, Gr = 105, c = c(x = 0.5, y = 0.5) and R = 0.15
and listed in Table 1. The table shows us that mean Nusselt num-
bers does not change for higher grid dimensions. Based on results
from the table 100 � 100 grid dimensions were used in the present
study.



Table 2
Comparison of Nusselt number of present study with literature (a) Kahveci (2007) for
Grid number 41 � 41, Ra = 106, Xp = 0.5, w = 0.1, k = 0.001 and (b) Iwatsu et al. (1993)
for lid-driven cavity without any inserted body.

Numax Partition wall Cold wall

(a)
Kahveci (2007) 1.63 1.94
Present 1.59 1.91

Ri Iwatsu et al. (1993) Present
(b)
1.00 1.34 1.30
0.06 3.62 3.63
0.01 6.29 6.34
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Validation tests were made with two different studies to com-
pare obtained results with literature. In the first case, the compu-
Fig. 2. Isotherms (on the left) and streamlines (on the right) in the case of upward mov
Gr = 105, Pr = 0.71, Re = 1000, c = 0.5 and R = 0.15.
tational procedure is validated against the numerical results of
Iwatsu et al. (1993) and Sharif (2007) for a top heated moving lid
and bottom cooled square cavity filled with air (Pr = 0.71). The gen-
eral agreement between the present computation and those of
Iwatsu et al. (1993) and Sharif (2007) are seen to be very well with
a maximum difference within 5%. We also made a second test by
comparing results with the partitioned enclosure for Rayleigh
number, Ra = 106, thickness of the partition, w = 0.1 and, thermal
conductivity ratio, K = 0.001. In the second case, we compared
our result with Kahveci’s study for tests, Kahveci (2007). In his
case, conjugate–natural convection heat transfer and fluid flow
has been performed for a fully partitioned square enclosure. Table
2 shows the comparisonal results for parameters of Grid number
41 � 41, Ra = 106 (by choosing Re ffi 1), Xp = 0.5 (location of the par-
tition), w = 0.1 (thickness of the partition) and (thermal conductiv-
ity ratio) K = 0.001. The table clearly indicates that obtained results
ing left wall, (a) adiabatic, (b) conductive (K = 0.001) and (c) isothermal (h = 0.5) for



890 H.F. Oztop et al. / International Journal of Heat and Fluid Flow 30 (2009) 886–901
of maximum Nusselt numbers are very close to Kahveci’s result
(2007) for both partition and cold walls.

4. Results and discussion

A numerical study on mixed convection heat transfer in a lid-
driven cavity having a circular body was performed for different
boundary conditions of the inserted circular body. The mixed
convection phenomenon is influenced by three different thermal
boundary conditions for the circular body as isothermal, conduc-
tive and adiabatic. We have also tested two orientations of the
moving lid in +y and �y directions. Richardson number, location
and dimension of the inserted circular body are other governing
parameters which affect flow fields and temperature distribution.
The value of thermal conductivity ratio for the case of conductive
Fig. 3. Isotherms (on the left) and streamlines (on the right) in the case of downward mo
Gr = 105, Pr = 0.71, Re = 1000, c = 0.5 and R = 0.15.
body changes from 0.0001 to 10. Air is chosen as the work-
ing fluid of which Prandtl number is 0.71. The effect of each
parameter is illustrated in this section. Finally, 36 different cases
were considered in order to see the effects of governing
parameters.

Fig. 2 shows the isotherms (on the left) and streamlines (on the
right) for different thermal boundary conditions at R = 0.15, c = 0.5,
Re = 1000 and Gr = 105 (Ri = 0.1). In this figure, the left wall moves
in +y direction. Thus, small amount of fluid is pulled up towards
the left top corner due to drag force created by the motion of the
left lid and it circulates around the circular body in clockwise
direction. The high Re number refers to the low Ri number due
to definition of Richardson number as Ri = Gr/Re2. It means that
the forced convection heat transfer is dominant compared to other
modes of heat transfer. The Richardson number is a measure to
ving left wall, (a) adiabatic, (b) conductive (K = 0.001) and (c) isothermal (h = 0.5) for



Fig. 4. Isotherms (on the left) and streamlines (on the right) in the case of upward moving left wall for R = 0.15, Gr = 105, Pr = 0.71, c = 0.5 and Re = 1000, (a) K = 0.1 and (b)
K = 1.

Fig. 5. Isotherms (on the left) and streamlines (on the right) in the case of downward moving left wall for R = 0.15, Gr = 105, Pr = 0.71, c = 0.5 and Re = 1000, (a) K = 0.1 and (b)
K = 1.
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define the regime of heat transfer as when Ri� 1 natural convec-
tion is dominant, Ri = 1 mixed convection heat transfer exists and
Ri� 1 forced convection is dominant. In other words, limiting case
Fig. 6. Isotherms (on the left) and streamlines (on the right) in case of upward moving
K = 10 and dashed lines represent K = 0.001.
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For these boundary conditions, both flow field and temperature
distribution are almost same due to strong convection. The body
behaves as barrier for the flow field but it is not an effective param-
eter on temperature field. In the case of isothermal boundary con-
ditions, which are defined as neutral boundary conditions (h = 0.5),
the isotherms are clustered near the circle and heated fluid moves
towards to the left top corner. On the contrary, the flow field be-
comes identical with other cases due to the strongly dominant re-
gime of forced convection. There are very small eddies at the right
bottom and top corners but they are not presented on figure. Sim-
ilarly, a small circulation is formed near the left bottom corner due
to impinged circulation flow to the bottom wall. Fig. 3 displays the
isotherms (on the left) and streamlines (on the right) for the same
governing parameters of Fig. 2 except the orientation of moving lid.
In this case, the lid moves downward (�y direction), the flow im-
pinges to the bottom horizontal wall and it turns in counterclock-
wise around the circular body. Two big cells are formed at the top
Fig. 8. Isotherms (on the left) and streamlines (on the right) in the case of upward movin
Pr = 0.71, c = 0.5, Re = 100 and R = 0.2.
and bottom right corners in clockwise rotating direction. The cells
become smaller in the case of isothermal boundary conditions of
body (Fig. 3b). There is a gap under the left side of the body. This
gap has almost same size but it decreases for the isothermally
heated circular body. In the case of moving lid in �y direction, tem-
perature distribution shows different configuration compared to
the other boundary conditions of the inner body (Fig. 3c). In this
case, there is thermal sink in the middle. Isotherms are circular
around the source, a typical conductive feature. It seems to be ap-
peared because of the interaction of new thermal source (not pres-
ent in cases Fig. 3a and b) and thermal field to modify the situation.
This is confirmed by the fact that the flow field is affected slightly.
Fig. 4 illustrates the effects of thermal conductivity ratio on the
temperature distribution and flow field for conductive circular
body. The lid moves in +y direction in this figure. Fig. 4a and b
show the isotherms and streamlines for K = 0.1 and K = 1, respec-
tively. In the case of K = 1, the body is less conductive and the
g wall, (a) adiabatic, (b) conductive (K = 0.001) and (c) isothermal (h = 0.5), Gr = 105,
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temperature distribution of the body is less uniform and thus dif-
ferent temperature distribution is obtained than that of K = 0.1.
Isotherms are clustered near the middle of the right wall and left
bottom corner of the moving lid. As seen from the figure that
dimensionless thermal conductivity ratio becomes insignificant
on streamlines. Fig. 5 shows the isotherms and streamlines for
the downward moving plate with same governing parameters of
Fig. 4. In this case, the change of orientation of lid makes important
effects on the streamlines and isotherms. But effects of thermal
conductivity become very low. Nevertheless, the temperature dis-
tribution is affected from the thermal conductivity around the in-
serted body. A huge gap is formed near the left bottom side of
the body due to direction of circulation of fluid caused by strong
circulation in counterclockwise direction. The thermal conductiv-
ity ratio makes a small change on shape of this gap. Fig. 6. displays
the isotherms and streamlines for upward moving case of K = 10
and K = 0.001. This figure is given to show the effects of thermal
Fig. 9. Isotherms (on the left) and streamlines (on the right) in the case of downward
Gr = 105 Pr = 0.71, c = 0.5, Re = 100 and R = 0.2.
conductivity on solution. As seen from the figure, the solution is
not sensitive to K value. This is because the insert body’ s size is
not large, the isotherms (especially in the regions near the vertical
walls) and flow patterns are almost same for all K values. This is gi-
ven by Fig. 6 to clarify that point. The variation of local Nusselt
number along the hot (on the left) and cold walls (on the right)
for different orientations are presented in Fig. 7a (hot wall moving
upward) and Fig. 7b (hot wall moving downward), respectively. As
seen from the figure, the trend of local Nusselt number changes
with changing of orientation of moving wall. In other words, value
of local Nusselt number decreases for upward moving wall and in-
creases with downward moving lid. However, the local heat trans-
fer increases around the upper side of middle part of cold wall due
to presence of circle for upward moving lid. But the local Nusselt
number has a peak around y = 0.38. Higher local Nusselt number
values are obtained for upward moving lid. Fig. 8 shows the iso-
therms and streamlines for R = 0.2, Gr = 105 and Re = 100. In this
moving wall, (a) adiabatic, (b) conductive (K = 0.001) and (c) isothermal (h = 0.5),
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case, natural convection becomes dominant to forced convection.
For the adiabatic boundary condition of inserted body, the body
behaves as a barrier and an insulation material. Thus, the iso-
therms are attached to the body and streamlines are enlarged at
the middle due to presence of the body. Two antisymmetric gaps
are formed in left and side of the body due to moving lid. In case
of conductive body, the left and right gaps move upward and
downward of the body, respectively. Finally, a small recirculation
is formed at the top side of the body with isothermal body. Fig. 9
presents the isotherms and streamline with the same parameters
of Fig. 8 except direction of moving lid. In this figure, the left wall
moves in �y direction. For the all thermal boundary conditions of
the circular body, a cell elongates near the moving lid. The center of
this cell sits near the left top corner of the enclosure. The flow field
around the circle is affected from the boundary conditions of the
body. The isotherms are distributed around the body in isothermal
and conductive cases.

Fig. 10a and b display the velocity profiles at the mid-section in
y-axis (on the right column) and x-axis (on the left column) for dif-
ferent Reynolds number and different orientation of the moving
lid. As seen from the figure, values of velocities are almost same
for higher values of Reynolds number for upward moving wall. A
parabolic velocity distribution is formed between inner body and
insulated walls at the vertical mid-section of the enclosure as given
in Fig. 10a (on the right). As seen from V-velocity profiles that val-
ues are decreased almost linearly from driving lid to body due to
high flow velocity as given in Fig. 10a (on the left). It means that
coutte-flow like regime is formed between lid and constant wall
of the inner body. Fig. 11 presents the local Nusselt numbers along
the cold walls (on the left column) and how wall (on the right col-
umn). In this figure, the top row belongs to upward moving lid and
bottom row for downward moving lid. The local Nusselt number
increases with the increase of Reynolds number in both walls. It
has a maximum value around y = 0.7 on cold wall only when
Ri < 1. It increases from the top to the bottom wall almost linearly
due to decreasing of flow velocity. In the case of downward moving
lid, the results are presented in Fig. 11b, the trend of local Nusselt
number is completely different. S-shaped variation is formed for
the higher Reynolds number and maximum heat transfer occurs
at y = 0.4 on cold wall. Heat transfer increases from bottom to
top and maximum heat transfer is formed as Nu = 27 at y = 1 due
to moving of heated air from heated moving wall.

Fig. 12 shows the effects of diameter of circular body on tem-
perature and fluid flow. In this figure, the results are given for up-
ward moving lid and isothermal boundary conditions of the body
at Re = 1000 and Gr = 105. The Fig. 12a shows the small gap is ini-
tiated near the top left side of the body for R = 0.15. With increas-
ing of diameter of circular body, a secondary circulation is formed
near the left top side of the body and its strength increases with
increasing of circle diameter due to decreasing of the distance
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Fig. 11. Local Nusselt numbers along the cold walls (on the left) and hot wall (on the right) for different Reynolds numbers (a) driving wall moves upwards and (b) driving
wall moves downwards.
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between lid and body. Isotherms are cumulated near the left and
right wall and thermal boundary layer and it becomes thinner with
increasing of diameter of the body.

Fig. 13 is illustrated for different location of circular body. The
location center is given by x and y coordinates of the center of
body. Namely, middle located body is defined by c = c(x = 0.5,
y = 0.5). The detailed coordinate system is presented in Fig. 1a.
When it locates near the top wall of the enclosure, the pulled flow
impinged to the top wall and it flows between body and top wall. A
small circulation cell is formed near the right top corner. Due to
wide range between bottom wall and body, strength of flow de-
creases as seen from Fig. 13a. The isotherms are clustered near
the top side of the circular body and heated flow moves through
to the bottom sides from left side of the body. Double circulation
cells are formed above the circular body. The impinged flow to
the top wall deviates onto the circular body and it separates the
flow into two parts. Thus, the isotherms are cumulated near the
right bottom side of the right wall (Fig. 13b). For the location center
of the circular body of x = 0.4 and y = 0.5, a cell was formed above
the body and it moves through to the right side of the body. Flow
velocity is very high between upward moving lid and circular body
due to small gap. A mini circulation cell was formed at the right top
corner but it is not showed in figure. Parallel isotherms are located
around the body and they are cumulated near the right wall. When
the body is located near the right vertical wall, a huge cell was
formed between circular body and left vertical wall. The flow is
very weak between the body and the right vertical wall. Because
the body behaves as an obstruction for flow field as seen from
Fig. 13e. The isotherms are distributed diagonally from the left bot-
tom corner to the circular body. They again cumulated the top side
of the right vertical wall.

Fig. 14 shows the effects of Grashof number on the flow and
temperature fields for the location center of body is c = c (x = 0.5,
y = 0.5) and R = 0.2. The body is considered as isothermal. For the
case of Gr = 105, a circulation cell is formed at the left top corner
of the circular body and a mini cell is formed at the top right corner
as given in Fig. 14a. In Fig. 14b, forced convection still becomes
effective and the mini cell moves towards to the moving wall.
However; Fig. 14c shows that natural convection heat transfer be-
comes dominant at Gr = 107. In this case, the flow field becomes
more complex and multiple cells were formed. Thus, the isotherms
are almost perpendicular to the vertical walls except close to the
vertical walls.

Table 3 lists the mean Nusselt number on both cold and hot
walls in case of upward moving walls and downward moving walls
which makes a comparison for mean Nusselt numbers for different
thermal boundary conditions of inserted circular body. The table
shows that values of mean Nusselt numbers are equal to each
other in the cases of the adiabatic and the conductive thermal
boundary conditions of circular body. On the contrary, a higher



Fig. 12. Isotherms (on the left) and streamlines (on the right) in the case of upward moving walls for isothermal cylinder at different diameter, Gr = 105, Pr = 0.71, c = 0.5, and
Re = 1000 (a) R = 0.15, (b) R = 0.20 and (c) R = 0.25.
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heat transfer is formed on moving wall. Higher heat transfer is
formed when lid-driven wall moves in +y direction. Table 4 makes
a comparison for mean Nusselt numbers for different thermal
boundary conditions of inserted circular body and the different
values of the Reynolds number. As shown from the table, heat
transfer increases with increasing Reynolds number for all cases.
General observation shows that the highest heat transfer is
observed for the case of isothermal boundary conditions of circular
body as expected. However, an important result is that there is not
a big difference between the cases of adiabatic and conductive
thermal boundary conditions of circular body. Table 5 gives the
effects of location of center of circular body on the heat transfer.
The table illustrates that the maximum heat transfer is occurred
at hot wall for the coordinates for location center of circular
body as x = 0.5 and y = 0.5. On the contrary, when the body locates
near the top side as c = c (x = 0.5, y = 0.6), the highest heat transfer
is formed on hot wall. Heat transfer increases with increasing
Grashof number for constant values of Reynolds number as
tabulated in Table 6. Table 7 lists the effects of thermal conductiv-
ity on mean Nusselt number. For small diameter of the circu-
lar body as R = 0.2, the heat transfer becomes constant. In other
words, it is independent from the changes of thermal conductivity
ratio. It is noticed that the thermal conductivity ratio is defined as
the ratio of thermal conductivity of fluid to solid. Finally, Table 8
lists the average Nusselt numbers for Re = 1000, Gr = 105, c = c
(x = 0.5, y = 0.5) for upward moving wall and isothermal (h = 0.5).
The heat transfer decreases along the cold wall with increasing
diameter of the circular body due to decrease of domain of the
enclosure. On the contrary, it increases at hot wall with increasing
diameter.



Fig. 13. Isotherms (on the left) and streamlines (on the right) for upward moving lid at different locations of inserted body at Gr = 105, Pr = 0.71, Re = 1000, R = 0.2,
(isothermal cylinder h = 0.5) (a) c = c(x = 0.5, y = 0.6), (b) c = c(x = 0.5, y = 0.4), (c) c = c(x = 0.5, y = 0.5), (d) c = c(x = 0.4, y = 0.5) and (e) c = c(x = 0.6, y = 0.5).
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Fig. 14. Isotherms (on the left) and streamlines (on the right) for upward moving lid at higher Grashof number, c = c(x = 0.5,y = 0.5), R = 0.2 and Re = 1000, in the case of
isothermal cylinder (h = 0.5), (a) Gr = 105, (b) Gr = 106 and (c) Gr = 107.

Fig. 13 (continued)
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Table 5
The list of average Nusselt numbers depends on the location of the inserted circle for
Re = 1000, Gr = 105, R = 0.2 for isothermal boundary condition (h = 0.5) and upward
moving wall.

Location center of the body Hot wall Cold wall

c = c(x = 0.5,y = 0.6) 5.38 11.78
c = c(x = 0.5, y = 0.4) 4.00 7.70
c = c(x = 0.5, y = 0.5) 7.14 10.37
c = c(x = 0.4, y = 0.5) 6.14 10.72
c = c(x = 0.6, y = 0.5) 6.65 10.46

Table 6
The list of average Nusselt numbers for different Grashof numbers for Re = 1000, c = c
(x = 0.5, y = 0.5), R = 0.2, h = 0.5 and upward moving wall.

Gr Cold wall Hot wall

105 7.14 10.37
106 10.19 14.21
107 17.53 20.50

Table 7
The table of average Nu of all the 20 cases for conductive body (wall moves in +y
direction).

Diameter of circular body

Thermal conductivity 0.2 0.3 0.35 0.4

K = 0.001 8.12 8.73 8.58 7.77
K = 0.1 8.12 8.82 8.88 8.28
K = 1 8.12 8.91 9.27 9.13
K = 10 8.12 8.93 9.36 9.38

Table 8
The list of average Nusselt numbers for Re = 1000, Gr = 105, c = c (x = 0.5, y = 0.5) for
isothermal inner body (the wall moves in +y direction).

Cold wall Hot wall

R = 0.15 7.21 9.13
R = 0.20 7.14 10.37
R = 0.25 6.78 11.10

Table 3
Mean Nusselt numbers for both cases for Re = 1000, Gr = 105, c = c (x = 0.5, y = 0.5) and
R = 0.15.

Wall moves upwards Wall moves downwards

Cold wall Hot wall Cold wall Hot wall

Adiabatic 7.88 7.88 5.43 5.43
Conductive 8.08 8.08 5.60 5.60
Isothermal 7.21 9.13 6.04 8.09

Table 4
Comparison of mean Nusselt numbers depends on the cases of circular cylinder for,
Gr = 105, c = c (x = 0.5, y = 0.5) and R = 0.2 (a) isothermal (h = 0.5), (b) conductive
(K = 0.001) and (c) adiabatic.

The wall moves upwards The wall moves downwards

Cold wall Hot wall Cold wall Hot wall

(a)
Re = 100 4.60 5.34 3.60 3.06
Re = 500 5.93 8.87 3.44 3.31
Re = 1000 7.14 10.37 6.16 9.39

(b)
Re = 100 4.96 4.96 3.30 3.30
Re = 500 6.90 6.90 3.37 3.37
Re = 1000 8.12 8.12 6.00 6.00

(c)
Re = 100 5.24 5.24 3.44 3.44
Re = 500 6.97 6.97 3.51 3.51
Re = 1000 8.11 8.11 6.01 6.01
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5. Conclusion

Two-dimensional laminar mixed convection in a circular body
inserted lid-driven cavity is investigated numerically for different
governing parameters as wide range of Reynolds number, Grashof
numbers, center of location and diameter of circular body in this
study. Two different orientations are tested for moving wall as +y
and �y directions. Based on above discussions the important re-
sults can be summarized as:

(a) The circular body can be used as a control parameter for heat
transfer, fluid flow and temperature distributions.

(b) Increasing of Grashof number enhances the heat transfer for
fixed values of Reynolds number. Heat transfer and fluid
flow are strongly affected from the changing of location cen-
ter of the circular body. Higher heat transfer is formed when
the body locates near the top side of the enclosure.

(c) The solution is not sensitive to thermal conductivity for low
values of diameter of circular body. But mean Nusselt num-
ber increases with increasing of diameter of the inserted
body.

(d) Flow field and temperature distribution are affected from
the direction of moving wall. Higher heat transfer is
observed for the case of downward moving wall. Multiple
circulation cells were observed for the downward moving
lid in some cases.

(e) Flow field, heat transfer and temperature distribution pres-
ent different configuration at different thermal boundary
conditions of circular body.
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Öztop, H.F., Dağtekin, _I., 2001. Laminar flow in a block inserted lid-driven cavity. J.
Therm. Sci. 21, 55–63 (In Turkish).

Oztop, H.F., Dagtekin, I., 2004. Mixed convection in two-sided lid-driven
differentially heated square cavity. Int. J. Heat Mass Transfer 47, 1761–1769.

Patankar, S.V., 1980. Numerical Heat Transfer and Fluid Flow. Hemisphere, New
York.

Shankar, P.N., Despande, M.D., 2000. Fluid mechanics in the driven cavity. Ann. Rev.
Fluid Mech. 136, 93–136.

Sharif, M.A.R., 2007. Laminar mixed convection in shallow inclined driven cavities
with hot moving lid on top and cooled from bottom. Appl. Therm. Eng. 27,
1036–1042.

Shi, X., Khodadadi, J.M., 2002. Laminar fluid flow and heat transfer in a lid-driven
cavity due to a thin fin. J. Heat Transfer 124, 1056–1063.

Shi, X., Khodadadi, J.M., 2004. Fluid flow and heat transfer in a lid-driven cavity due
to an oscillating thin fin: transient behavior. J. Heat Transfer 126, 924–930.

Shi, X., Khodadadi, J.M., 2005. Periodic state of fluid flow and heat transfer in a lid-
driven cavity due to an oscillating thin fin. Int. J. Heat Mass Transfer 48, 5323–
5337.

Torrance, K., Davis, R., Eike, K., Gill, D., Gutman, D., Hsui, A., Lyons, S., Zien, H., 1972.
Cavity flows driven by buoyancy and shear. J. Fluid Mech. 51, 221–231.

Varol, Y., Oztop, H.F., Koca, A., 2008. Entropy generation due to conjugate natural
convection in enclosures bounded by vertical solid walls with different
thicknesses. Int. Comm. Heat Mass Transfer 35, 648–656.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.06.033
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.06.033

	Fluid flow due to combined convection in lid-driven enclosure having a  circular body
	Introduction
	Model
	Theory
	Numerical procedure
	Evaluation of Nusselt number
	Grid independency and validation of the study

	Results and discussion
	Conclusion
	Acknowledgement
	References


