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Abstract 
In this study, a numerical simulation using a finite element scheme is carried out for a laminar 

steady mixed convection problem in a two – dimensional square cavity of length (L), containing eccentric 

adiabatic circular body of radius (r=0.2 L). The vertical walls of the cavity are differentially heated where 

the right wall is subjected to an isothermal temperature higher than that the opposite left lid. Both  the top 

and the bottom wall of the cavity are adiabatic. Four different cases have been studied based on the 

location of the circular body. Cases I, II, III and IV refer to the circular is located near the top, right, 

bottom and left walls of the cavity respectively. Results are presented for upward (+y) and downward (-y) 

directions of the left lid in vertical axis and for different values of Richardson numbers (Ri=0.1, 1 and 

10). The cavity under study is filled with air with Prandtle number is taken as 0.71. Fluid flow and 

thermal fields and the local Nusselt number are presented for all four case studies. The results shows that 

the behavior of temperature contours,  streamlines and velocity profile  is sensitive to the location of the 

circular body and to the direction of lid and this results explain also, that the maximum values of local 

Nusselt number occurs when the left lid moving downward (-y) refers to higher heat transfer.  

Keywords: Mixed Flow, Combined Convection, Lid-driven Cavity. 

 

 الخلاصة
 الأبعادتم استخجام الحل العجدي بهاسطة طخيقة العشاصخ السحجدة لجراسة الحسل السختلط السدتقخ الطباقي ثشائي في ىحا البحث، 
الججران  .(L 0.2)نرف القطخ لو يداوي حخاريا  خكد ومعدولغيخ متس جدم دائخي يحتهي على   (L)يداوي داخل حيد مخبع طهلو 

كل من الججار العلهي والدفلي اما الججار الأيسن أعلى من الججار الأيدخ الستحخك.  درجة حخارة مدخشو جدئيا حيث أن العسهدية للحيد
 I ,II III,داخل الحيد وىي الحالة  ي الجائخ م الجدحالات مختلفة اعتسادا على مهقع  ةأربعدراسة حيث تست معدول حخاريا.  فيكهن  للحيد

 على التهالي. والأيدخ, الدفلى الأيسنكهن قخب الججار العلهي, ي ي لجائخ الجدم امهقع  ان إلىمذيخا  IVو 
 للأسفل( و عشجما يتحخك الججار y+) للأعلىعسهدياً وىي عشجما يتحخك الججار  الأيدخالشتائج لحالتين من حخكة الججار  تم عخض

(-y( وعشج قيم مختلفة لخقم )Richardson) وىي(Ri=0.1, 1 and 10) ل لو تقيسة بخان. في ىحا البحث يكهن الحيد مسلهء باليهاء
 أن. لقج بيشت الشتائج الأربعةالسحلي تم تقجيسو لكل حالات الجراسة  (. كل من جخيان السائع وانتقال الحخارة ورقم ندلت0.71)يداوي 

ويعتسج على اتجاه الججار الستحخك سهاء كان  الجدم الجائخي  بسهقع يتأثخ وخطهط الجخيان وسخعة السائعالحخارة ترخف مخططات درجات 
 أعلىمسا يعشي  للأسفل الأيدخالججار  تحجث عشجما يتحخكخقم ندلت السحلي قيسة ل أعلى أن أيزاوقج بخىشت الشتائج  للأسفل أو للأعلى

 تهزيع لانتقال الحخارة.
1- Introduction 
  

The fundamental problem of combined forced convection and natural 

convection heat transfer commonly referred to as ( mixed - convection flows) in a 

closed cavity with lid-driven flows has received an important attention from researchers 

mentioned below. This type of flow can be found in many academic researches and a 

wide application area in engineering and science. Some of these applications include 

cooling of electronic devices, furnaces, oil extraction, glass production, coating and 

drying technologies, design of heat exchangers, building applications, solar collectors 

and thermo-hydraulic of nuclear reactor, and among others . In order to understand the 

complex physical phenomena associated with fluid flow and heat transfer numerous 

studies of mixed convection driven have been reported extensively in the literature.   
 

Prasad and koseff (1996) described experimentally the combined forced and 

natural convection heat transfer process within a recirculation flow in an insulated lid-
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driven cavity of rectangular cross section. The forced convection is induced by a 

moving lid, which shear the surface layer of the fluid in the cavity, while the natural 

convection flow is induced by heating the lower boundary and cooling the upper one. 

They were obtained Gr/Re
2
 ratios from 0.1 to 1000 by appropriately varying the lid 

speed, the vertical temperature differential and the depth of the cavity  which should be 

useful for design applications. Oztop and Dagtekin (2004) investigated numerically 

steady state two – dimensional mixed convection problem in a vertical two-sided lid 

driven differentially heated square cavity. The left and right moving walls are maintain 

at different constant temperatures while upper and bottom walls are thermally insulated 

and they were considered three cases depending on the direction of moving walls. Luo 

and Yang (2007)  presented a continuation method to predict the multiple flow solutions 

for a two-sided lid-driven flow with / without heat transport. This type of flow can be 

found in many applications within the coating and drying technologies field.  Al-Amiri 

et al., (2007) investigated  numerically steady mixed convection in a square lid-driven  

under the combined buoyancy effects of thermal and mass diffusion. Khanafer et 

al.,(2007) investigated numerically unsteady laminar mixed convection heat transfer in 

a lid driven cavity, the forced convection flow inside the cavity is attained by a 

mechanically induced sliding lid, which is set to oscillate horizontally in a sinusoidal 

fashion, while the natural convection effect is sustained by subjecting the bottom wall to 

a higher temperature than its top counterpart. In addition, the two vertical walls of the 

enclosure are kept insulated. Oztop et al., (2008) studied numerically conjugate heat 

transfer by mixed convection and conduction in lid – driven enclosure with thick bottom 

wall. The enclosure is heated from the bottom wall isothermally and the temperature of 

the top moving wall , which has constant flow speed, is lower than that of the outside of 

bottom wall. Vertical walls of the enclosure are adiabatic. They found that the heat 

transfer is an decreasing function of Richardson number and thermal conductivity ratio 

and also a decreasing function of wall thickness. Oztop et al., (2009) studied mixed 

convection heat transfer characteristics for a lid-driven air flow within a square 

enclosure having a concentric circular body. The horizontal walls are adiabatic and 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 and conductive. Oztop et al., (2009) 

performed a numerical simulation of the conduction-combined forced and natural 

convection heat transfer and fluid flow for a two-dimensional lid driven square 

enclosure divided by a partition with a finite thickness and finite conductivity. Noor et 

al., (2009) studied numerically flow and heat transfer inside a square cavity with 

double-sided oscillating lids. These results showed that the flow patterns can be 

categorized into four modes. Basak et al., (2009) studied the influence of linearly heated 

vertical walls or cooled right wall with uniformly heated bottom wall on flow and heat 

transfer characteristics due to mixed convection within a square cavity. The finite 

element method helps to obtain smooth solution in terms of stream function and 

isotherm contours. Perumal et al., (2010) used finite difference method to compute the 

flow in a two-sided lid driven square cavity for the parallel and anti-parallel wall 

motion. They have found that in the case of parallel wall motion the flow configuration 

involves development of a pair of off-corner vortices and a free shear layer and in the 

case of anti-parallel wall motion it exhibits corner vortices that appear at a lower 

Reynolds number compared with the single-sided lid-driven cavity. Cheng and Liu 

(2010) investigated numerically the effect of temperature gradient orientation on the 

fluid flow and heat transfer in a lid-driven differentially heated square cavity, they were 

considered four cases depending on the direction of temperature gradient imposed. 

Sivakumar et al., (2010) analyzed mixed convection heat transfer and fluid flow in a lid 
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driven cavity with different lengths of the heating portion and different location of it. 

They found that there is no considerable change in the flow field on reducing the 

heating portion length at Ri=0.01 and Ri=1, But, in the case of Ri=100 (natural 

convection dominated flow), the flow field depends strongly on the heating location. 

Cheng T.S. (2011) investigated the flow and heat transfer in a 2-D square cavity where 

the flow is induced by a shear force resulting from the motion of the upper lid combined 

with buoyancy force due to bottom heating. The numerical simulations cover a wide 

range of Reynolds (10  Re  2200), Grashof (100  Gr   4.84 * 10
6
), Prandtl (0.01 

Pr 50), and Richardson (0.01  Ri 100) numbers. The average Nusselt numbers are 

reported to illustrate the influence of flow parameter variations on heat transfer, and also 

compared with the reported Nusselt number correlations to validate the applicability of 

these correlations in laminar flow regimes.  

The objective of this work is to study mixed convection in square lid-driven  

with eccentric circular body, four locations of circular body with two opposite side in 

lid wall were tested. The detailed analyses of heat transfer and fluid flow were carried 

out using finite element approach for different values of Richardson numbers (Ri=0.1,1 

and 10).  

 

2-Physical model  
 The sketch of the considered physical model is shown in figure 1(a – d) for four 

different cases in this work. The model consists of square cavity containing eccentric 

adiabatic circular body where the top and bottom wall of the cavity are kept as adiabatic 

and the left lid of it moves in two different direction (+y) refers to upwards moving lid 

and (–y) refers to downwards moving lid with constant velocity. Vertical walls are 

differentially heated and isothermal while the right wall has higher temperature than the 

moving wall. Figure1(a-d) describes (case I, II, III and IV ) in which the circular body is 

located near the top, right, bottom and left walls of the cavity respectively. 

 In this study the cavity is square at length (0.15m). The circular body has radius 

(0.2 L). The distance between the center of the cavity and the center of the circular body 

is equal to (h=0.25L). 
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3- Problem Formulation 
Consider steady, laminar, incompressible combined convection flow and heat 

transfer in a two – dimensional square cavity of side length L filled with air, with 

moving lid and eccentric adiabatic circular body. It is assumed that radiation heat 

transfer among sides is negligible with respect to other modes of heat transfer. In these 

conditions, the continuity, momentum and energy equations can be written as follows: 

Patankar (1980)  
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Fig. (1) The Sketch of the Physical Model for Studied Cases 
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Where u, v are the fluid velocity components in the x and y directions. The 

parameters  ,  , k, Cp, g and   are the kinematic viscosity, fluid density, thermal 

conductivity, the specific heat, gravitational acceleration and the fluid volumetric 

thermal expansion coefficient respectively. These thermo – physical properties of the 

fluid are taken at the film temperature. 

The non – dimensional variables are defined as follow: Holman (1989) 
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Where: Re is Reynolds number, Vo is the velocity of moving lid, Gr is Grashof 

number, Pr is Prandtl number and  is thermal diffusivity. 

Richardson number (Ri) is defined by equation (9) which it described the 

combined convection flow. 

2Re

Gr
Ri                                                                                                        (9) 

Where Gr, represent the strength of the natural and is taken as 10
6
 in this study 

 and Re, represent the forced convection effect. 

For Ri  0 the heat transfer regime is forced convection.  

And if Ri  1 natural convection effects are comparable to the forced convection effects. 

And when Ri   it means natural convection is the dominate mode. 

 

The local Nusselt number along the hot wall of the cavity is defined as: 

k

LH
Nu

Hfilm
                                                                                             (10) 

The film coefficient (Hfilm) values are obtained from ANSYS 12.1 commercial 

code help as in equation (11): 

     fhfilm

T
TTHq          (11) 

Where Hfilm is the film coefficient and LH is the length of the heating wall and   
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 The stream function is calculated from its definition: 

x
v,

y
u












                                                     (13) 

It is taken  =0 at all walls of the cavity. 

Boundary Conditions 

 The boundary conditions are isothermal on the vertical walls of the cavity and 

adiabatic on the horizontal walls and on the eccentric circular body. 

 The relevant boundary conditions are given as follows: 

1- At the left side of the cavity (vertical moving lid) . 

u=0, v=+Vo (if lid moves upward direction). 

v= -Vo (if lid moves downward direction). 

The values of the velocity of moving lid (Vo) can be calculated from equations 

(5) and (9) at each values of Richardson number (Ri=0.1,1 and 10) and (Gr=10
6
)   

T=Tc=293 K 

2- At the right side of the cavity (u=0, v=0, T=Th=295.0878 K). The value of hot 

temperature can be calculated from equation (6). 

3- At the adiabatic top and bottom walls of the cavity (u=0, v=0, 
y

T




=0 ). 

4- For the adiabatic eccentric circular body   
n

T




=0  ( where n: is any direction). 

 

 

4-Numerical Procedure: 
 The discretization procedure of the governing equation is based on finite 

element approach using the Tri – Diagonal Matrix Algorithm (TDMA) with the ANSYS 

12.1 commercial code. This method is described in detail as in Patankar (1980)The grid 

system over the computational domain was created using unstructured quadratic 

element, which were uneven distribution and concentrated near the four corner of the 

square cavity where higher grid densities are desired. The grid distribution for 

computational model is shown in Figure (2). In this study, six sets of grids tests were 

performed, changing from 20x20 to 120x120, to do the calculation for the four cases to 

check the effect of grid numbers on the results. After comparison 120x120 grid 

dimension is considered enough for calculation and the comparison of the maximum 

local Nusselt number with the number of elements is shown in Figure (3) at the value of 

(Ri=1) which described the mixed convection. The grid distribution provides smooth 

solution at the interior domain including the corner region. Employing the finite element 

approach, the governing equations were iteratively solved with the convergence 

criterion of 10
-6

 for each variable. The set of governing equations is integrated over the 

domain with use of exponential interpolation in the mean flow direction inside the finite 

element. For a completely unstructured mesh, or an arbitrary numbered system, the 

method reduces to the Gauss-Seidle iterative method. The set of algebraic equation is 

solved using Successive Under Relaxation(SUR) technique and 0.1 is taken as under 

relaxation parameter. 
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5- Results And Discussion 
 In this study, the eccentric circular body is located near the top, right, bottom 

and left wall of the square cavity where the left wall is moving in two opposite direction 

upward +y and downward –y directions. This work is performed for three values of 

Richardson number Ri=0.1, 1 and 10 and Grashof number is fixed at 10
6
. 

 When the left lid moves in the (+y) direction, flow and heat transfer results for 

four locations of the eccentric circular body is shown in figure (4) at the value of 

Richardson number (Ri=0.1). When Richardson number is small i.e., (Ri=0.1) which 

represents the forced convection case, the bouncy force effect is small, so for this case 

the natural convection contribution is small also. It can be seen that in case (I) small 

amount of air is lifted at the lateral left and right wall until it contacts the adiabatic top 

wall of the cavity and then the thermal boundary layers try to move near the circular 

body. From noticed that both of streamlines and velocity profiles it can be seen that two 

counter rotating vortices are formed, one small at the top left corner with clock wise 

direction and the another is big moves in anti-clockwise direction formed downstream 

the circular body where intensity of stream lines is concentrated near the bottom left 

corner of the cavity and this stream lines are extended along the right wall and up 

towards the top wall until it reaches near the circular body and then moves down. In 

case (II), the isothermal body contour do not change much compared to case (I) and also 

two vortices are generates, one large vortex down and around the circular body moves 

in anti-clockwise direction and it clustered near the bottom left corner of the square 

cavity and the second cell moves toward clockwise direction at the top left corner of the 

cavity. When the circular body is located near the adiabatic bottom wall i.e., (case III), 

the interval of the isothermal body contour becomes larger compared to both of cases I 

and II and three circulation are formed inside the cavity one of this vortices is in 

clockwise direction at the top left corner and primary circulation in anti – clockwise 

direction is formed at the top right wall and secondary vortex can be detected near the 

Fig. (2) Grid distribution for studied cases 
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bottom left corner of the cavity due to the domination of forced convection. The greatest 

disturbance of isotherms is achieved at case (IV), when the circular body  is located near 

the left lid (moving wall) of cavity due to strong inertial effects produced by the motion 

of the left wall, It can be noticed from streamlines, the clockwise vortex appear around 

the circular body and intensity of streamlines is concentrated at the top left corner of 

cavity, while the anti-clockwise circulation is formed along the right wall but, it 

clustering at the bottom right corner of the cavity. In general, it can be observed that this 

behavior of temperature contours and fluid flow profiles  refers that the heat transfer 

process is sensitive to the location of the circular body. 

 When the lid move downward (i.e., in –y direction) as shown in figure (5) at 

(Ri=0.1) a different behavior can be noticed in fluid flow and isothermal body contours. 

The cold air tend to move downward until it reaches the bottom wall and then expanded 

extensively inside the cavity, while the hot air is lifted up and extended along the top 

wall in all four cases. It can be noticed that in both of cases (I) and (II) there are two 

types of vortices, one in anti-clockwise direction formed near the bottom left corner and 

the another is too large and covered the remaining region inside the cavity moves 

toward clockwise and there is minor clockwise vortex under the circular body and 

clustering near the bottom right corner of the cavity. In case (III) the cold air extended 

larger along the bottom wall and the anti-clockwise vortex is decrease in size and it can 

be observed that the large major vortex began to increase and diffusing around the 

circular body. At case (IV), the isothermal body contours have the larger distribution as 

compared to that when the lid moves in upward direction and the anti-clockwise 

circulation is larger and concentrated near the right wall while the clockwise circulation 

is clustering along the all side walls of the cavity. 

 At Ri=1 (figure 6) when the left lid moving in the (+y) direction the heat transfer 

mechanism in the square cavity is occurred by the combined mechanisms of natural and 

forced convection (i.e., the mixed convection is dominant). In this situation the 

buoyancy forces effect balances the effect of the moving left lid. In both cases (I) and 

(II) the isotherms contour and fluid flow profiles are comparable, where the amount of 

air is lifted upward until it touch the top wall and two vortices are formed, one big in 

anti-clock wise direction near the left bottom corner and the other at the long of the left 

wall in clockwise circulation and the intensity of this cell is concentrated at the left top 

corner of the cavity. In case (III) the distribution of isotherms contour are similar with 

the above cases but, there is some different in streamlines that the anti-clock wise vortex 

is formed above the circular body and clustering near the right top corner of the cavity. 

It can be seen from figure (6) case (IV) the cold air at the left lid-driven is lifting 

upward and tend to move around the circular body and the clock wise vortex is formed 

along the left wall of the cavity and around the circular body while, the anti-clockwise 

vortex is formed along the right wall and clustering near the right bottom corner of the 

cavity. 

 When the lid moving in (-y) direction and (Ri=1) as shown in figure (7), it can 

be seen that the distribution of cold air is become larger than the hot air inside the 

square cavity due to moving of left lid downward and noticed that the clockwise 

circulation of streamlines extended along the all side of cavity and around the eccentric 

circular body and becomes more larger that the above case but, the anti-clockwise 

directions of vortices for all case studies are tend to formed near the left bottom corner 

of the cavity. 

 At Ri=10 as shown in figure (8) when the lid moving in (+y) direction, the 

clockwise vortex formed along the moving wall and clustering at the left bottom corner 

for all cases but, the other anti-clockwise vortices is formed under down the circular 

body for case (I) and around it for case (II) and the vortex concentrated near the half lid 
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wall and noticed that the isothermal hot lines tend to lifting upward until it touch the top 

wall and then extended along it while the cold air distribution appear larger at the 

bottom part of the cavity. At both cases (III) and (IV) the anti-clock wise vortex formed 

at the right top corner of the cavity and the isothermal body contour become non – 

uniformly distributed and the hot air distribution is larger than the cold air, since the 

buoyancy forces effect on the flow and thermal fields becomes more significant with 

increasing of Richardson number and as a result the heat is transferred due to 

convection. 

 When the lid moves in (-y) direction at (Ri=10) as shown in figure (9), it can be 

observed that, the intensity of the clock wise vortices circulation becomes more 

diffusion and concentrated along the all walls of the cavity for all different location of 

circular body while the anti-clock wise circulation covers most of the cavity size for that 

for case (I) is formed near the left bottom corner of the cavity and for case (II) formed at 

the middle size of the cavity and around the circular body  and for case (III) the anti-

clockwise vortex is formed upward the circular body and it is concentrated near the 

right top corner and for case (IV) it formed at the middle size of the cavity and two 

strong minor vortices are formed inside the cavity one near the left bottom corner and 

the another near the half right wall of the square cavity. Also, it can be seen from the 

isothermal body contours some of cold air is covered most region of the cavity and tend 

to move downward while the hot air is lifting up so the isotherms do not change much 

compared to figure (8) since the forced convection is weaker than the natural 

convection. 

 Figure (10) shows the local Nusselt number plots along the hot right side wall 

for all case studies with lid moving in the upward and downward direction for different 

Richardson numbers. The distance along the hot right wall taken as from the upper point 

of the right wall (i.e., at Y=0m) downward the lower point of the right wall (i.e., 

Y=0.15m) . 

Figure 10 (a) shows  the local Nusselt number when the lid moving upward i.e., 

+y direction for case (I). This values of local Nusselt number increase as the distance 

along the hot wall increases and it have the same behavior for all values of Richardson 

number (Ri=0.1, 1 and 10). It can be noticed that the maximum value of the local 

Nusselt number occurs at Y=0.135m  and then this value lowered down to Y=0.15m. 

When the lid moving downward the values of the local Nusselt number higher than 

when lid moving upward. At (Ri=0.1) the value of the local Nusselt number increases 

until it reaches at Nu=11 at Y=0.035m and then after that this value of Nusselt number 

is decreases to the value of Nu=7 at the middle distance of the hot wall of cavity and 

then increases to Nu=18 at Y=0.13m and then lower down at Y=0.15m. When (Ri=1and 

10) the values of local Nusselt number begin to increases until it reaches the maximum 

values at Y=0.14m and then lower down. 

 From figure 10 (b) it can be seen that when the lid moving upward the 

maximum value of local Nusselt number occurs at Ri=0.1. For all values of Richardson 

number the local Nusselt number increasing until it reaches to the maximum value at 

Y=0.14m after that this value is lowered down.  Below Y=0.09m the values of local 

Nusselt number at Ri=1 is higher than the value of local Nusselt number at Ri=10 and 

above Y=0.09 the value of local Nusselt number inversing. When the lid moving down, 

the values of local Nusselt number at Ri=0.1 increasing to Nu=21 at Y=0.105m and 

then decreasing in values while at (Ri=10) when the natural convection is dominant 

here, the values of local Nusselt number  increasing to the values Nu=18 at Y=0.14m 

and then decreasing, and at Ri=1 the behavior of local Nusselt number is the same as 

when (Ri=10) but it higher than in values and the maximum values of Nu=20 at 

Y=0.14m. 
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Compared with the local Nusselt number for case (III) (figure 10 c) at (Ri=0.1, 1 

and 10) when the lid moving upward the local Nusselt number have the same behavior 

i.e., it increasing with increase the distance along the hot wall. And when the lid moving 

downward the values of the local Nusselt number at (Ri=0.1) increasing in values until 

it reaches the maximum values at Y=0.11m and then it rapid decreasing in values. At 

(Ri=1) when the combined convection is dominant, the values of local Nusselt number 

increases until it reaches at values (Nu=16) at Y=0.1m and then decreasing in values 

along the hot wall until it reaches at Y= 0.12m and then increasing to the maximum 

value (Nu=19) at Y=0.14m and then decreasing rapidly at Y=0.15m. At  Ri=10 the 

behavior of local Nusselt number is similar to that when the lid moving upward but, in 

higher values of local Nusselt number.  

Figure 10 (d) described the distribution of local Nusselt number along the hot 

wall when the circular body located near the lid wall for the two opposite direction of 

lid moving  (i.e in +y and –y) direction for different values of (Ri=0.1, 1 and 10). It can 

be seen when the lid moving upward for (Ri=0.1 and Ri=1) the values of the local 

Nusselt number have the same behavior but, this value for Ri=0.1 is higher than at 

Ri=1. At Ri=10 the value of local Nusselt number is smaller below Y=0.09m and above 

Y=0.09m the values of the local Nusselt number increasing. When the lid moving 

downward the maximum distribution of local Nusselt number occurs at Ri=0.1 (Nu=25) 

and then lower rapidly to the value (Nu=9) at Y=0.11m and then increasing to Nu=11 at 

Y=0.145m and then decreasing toward at Y=0.15m. When Ri=1 the values of local 

Nusselt number is higher than it values at Ri=10 at the distance below Y=0.13m and 

above Y=0.13m the values of local Nusselt number at Ri=10 is become higher than this 

values of local Nusselt number at Ri=1 and both of them continuous to  increase until it 

reaches the maximum value at Y=0.135m (Nu=19) and then decreasing at (Y=0.15m). 

From the above discussion of figure(10), it can be noticed that the distribution of local 

Nusselt number when the lid moving downward have higher values than the values of 

local (Nu) when the lid moving upward. The maximum values for both of case (a) and 

(b) varying between (Nu=21 and 19.5) while for both of case (c) and (d) the maximum 

values of local Nusselt number is higher than the above cases about Nu=25 it mean that 

higher distribution of heat transfer occurs at cases (c) and (d).  
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Fig. (4): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the +y direction (upward) at the value of Richardson number (Ri=0.1) 
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Fig. (5): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the -y direction (downward) at the value of Richardson number (Ri=0.1) 

-y 

(a) Case (I)  

-y 

(b) Case (II)  

-y 

(c) Case (III)  

(d) Case (IV)   

-y 

Isothermal Body 

Contours   

Streamlines   Velocity Profiles   



Journal of Babylon University/ Engineering Sciences / No.(2)/ Vol.(21): 2013 

 

628 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the +y direction (upward) at the value of Richardson number (Ri=1) 
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Fig. (7): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the -y direction (downward) at the value of Richardson number (Ri=1) 
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Fig. (8): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the +y direction (upward) at the value of Richardson number (Ri=10) 
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Fig. (9): Isotherms and streamlines and velocity profiles for case studies with lid 

moving in the -y direction (downward) at the value of Richardson number (Ri=10) 
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6- Conclusions 
 The following conclusions can be drawn from the results of the present work: 

1- The behavior of temperature body contours and streamlines refers that the heat 

transfer process is sensitive to the location of the circular body. 

2- The direction of lid makes important effect on heat transfer. 

3- Higher heat transfer is observed for the case of downward moving wall. 

4- The results show that the local Nusselt number values increases as the distance along 

the hot right wall increase for most cases with selected upward and downward lid 

moving. 

5- The values of local Nusselt number when the lid moving downward have higher 

values than that when the lid moving upward.  
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Nomenclature: 

Symbol Description Unit 

Cp Specific Heat J/kg.K 

Gr Grashof  Number  

g Gravitational Acceleration m/s
2
 

Hfilm The Film Coefficient W/m
2
. K 

h 
The Distance between the Center of the Cavity and the Center 

of  the circular body  

m 

k Thermal Conductivity of Fluid W/m. °K 
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L Side Length m 

LH Length of the Heating Portion of the Cavity m 

Nul Local  Nusselt Number  

p Pressure N/m
2
 

Pr= /  Prandtl  Number  

{q} Heat Flux Vector  W/m
2 

Ri Richardson Number  

Re Reynolds number  

r Radius of the Circular Body m 

T Temperature °K 

Tc Cold Temperatur °K 

Tf Film Temperature  °K 

Th Hot Temperatur °K 

u Velocity Component in x-Direction m/s 

v Velocity Component in y-Direction m/s 

Vo Velocity of moving Lid m/s 

X Cartesian Coordinate in Horizontal Direction m 

Y Cartesian Coordinate in Vertical Direction m 

Greek Symbols  
 

 Thermal Diffusivity m
2
/s 

 Volumetric Coefficient of Thermal Expansion K
-1

 

μ Viscosity N.s/m
2 

 Kinematic Viscosity of the Fluid m
2
/s 

ρ Density of the Fluid kg/m
3
 

Ψ Stream Function  

{η} Unit Out Ward Normal Vector  

 
 
 

 


