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Abstract 

The main objective of this paper is to study the natural convection flow inside a parallelogram enclosure having 

uniform internal heat generation. The left inclined wall is linearly heated while the right inclined wallis kept at 

cold temperature (Tc) and top and bottom walls are thermally insulated. Steady state, two-dimensional numerical 

study is carried out by using the finite volume technique after the equations are put into dimensionless forms. 

The governing parameters studied are external Rayleigh number, internal Rayleigh number and inclination angle 

from horizontal axis which are varied from 10
3
≤RaE≤10

6
, 0≤RaI≤10

8
and 0

o
≤Φ≤45

o
. Air is used as a working 

fluid with a Prandtl number of 0.71. Efforts are focused on the interaction between the internal Rayleigh number 

(heat generation) and external Rayleigh number (temperature difference between the sidewalls) for various 

inclination angles. The accuracy of the numerical method compared with the previous published works shows an 

excellent agreement. The obtained results show that the maximum heat transfer performance occurs at zero 

inclination angle and low values of external heating. 

Keywords: Natural convection; heat generation; linear heating; parallelogram enclosure; finite volume. 
 

 

1. Introduction  
The natural convection in enclosures with internal heat generation and linearly heated side wall is relevant to 

many industrial and environmental applications such as nuclear reactor design, post-accident heat removal in 

nuclear reactors, geophysics and underground storage of nuclear waste, boilers, energy storage systems and 

conservation, fire control and chemical, food and metallurgical industries etc. A few researchers dealing with the 

natural convection in parallelogrammic enclosures are found in literature [1-8]. Most of natural convection 

studies have been carried out in square, triangle and trapezoidal cavities with linearly heated or cooled side 

wall(s) or bottom wall(s), [9-13].Finite element simulation has been performed by Tanmay et al. [9], to 

investigate the influence of linearly heated sidewall or cooled right wall on mixed convection, lid-driven flows in 

a square cavity. It is also observed that the average Nusselt numbers at the bottom and right walls are strong 

function of Grashof number at larger Prandtl numbers whereas average Nusselt number at the left wall for a 

specific Prandtl number is a weaker function of Grashof number. Later, Tanmay et al. [10], investigated 

numerically the natural convection in a trapezoidal enclosures for uniformly heated bottom wall, linearly heated 

vertical wall(s) in the presence of insulated top wall with a penalty finite different method for various enclosure 

inclination angles.  An average Nusselt number plots show higher heat transfer rate for angle of inclination of 0
o
 

and the overall heat transfer rates at the bottom wall is larger for the linearly heated left wall and cooled right 

wall. Roy and Basak [11], Sathiyamoorthy et al. [12] and Natarajan et al. [13], performed a penalty finite 

element analysis with bi-quadratic elements. These analyses investigate uniform and non-uniform heating of 

wall(s) in a square enclosure, the bottom wall is uniformly heated, vertical wall(s) are linearly heated whereas 

the top wall is well insulated in a closed square enclosure and uniform and non-uniform heating of bottom wall 

in a trapezoidal enclosure on natural convection flow, respectively. The three above works were performed to 

investigate the influence of the boundary conditions on the forms of streamlines, isotherms contours, heat 

transfer rates and Nusselt numbers. Natural convection in different shapes of enclosures has also been analyzed 

in the presence of internal heat generation. Shim and Hyun [14] present the time dependent behavior of natural 

convection in a differentially heated square cavity due to impulsive switching on uniform internal heat 

generation. They conclude that as the transient behavior is dependent on RaE/RaI, three flow stages were 

distinguished. Natural convection of gas between two horizontal coaxial cylinders with uniform internal heat 

generation is numerically investigated by Roschina et al. [15]. It has been established that in such system there 

exist two types of fluid flow for low Rayleigh numbers with different vortex structure. Several special issues 

drew the attentions of Zhao et al. [16] on conjugate natural convection in an enclosure with external and internal 
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heat sources. Their analysis mainly reveals that the practices of solving the conjugate heat transfer perform well, 

and the sole temperature scale is flexible than the combined temperature scale for arbitrary strengths of external 

and internal heat sources. Oztop and Bilgen [17] and Oztop et al. [18] studied numerically the natural convection 

in differentially heated, partitioned and square enclosures and in a wavy- walled enclosures. They found that the 

flow field is modified considerably with both partial dividers and the function of wavy wall. The ratio of internal 

Rayleigh number to external Rayleigh number affects the heat transfer and fluid flow significantly. 

Measurements of the overall heat flux in steady convection have been made by Kulachi and Emara [19] in a 

horizontal layer of dilute aqueous electrolyte. It appears that the local temperature excesses observed in the early 

period of developing convection occur only for Ra> 100 Rac , i.e, for final steady state turbulent flow. Islam et 

al. [20] investigated numerically the natural convection in an inclined differentially heated square enclosure 

containing internally heated fluid using Galerkin finite element method. The obtained computational results 

indicate that the strength of the convection currents depend on the internal energy. And the heat removal rate is 

optimized at zero inclination angle for relatively weak external heating made for all values of internal energy. A 

numerical study has been made by Sivasankaran [21] to analyze the effect of thermal conductivity on the natural 

convection of heat generating fluids contained in a square enclosure with isothermal walls and top and bottom 

perfectly insulated surfaces. It is concluded that the heat transfer rate is increased by an increase in the thermal 

conductivity parameter. The work of Nakhi and Chamkha [22] is focused on the numerical study, laminar 

conjugate natural convection around a finned pipe placed in the center of a square enclosure with uniform 

internal heat generation. It is concluded that the maximum temperature and extreme stream function difference 

can be controlled through the finned pipe inclination angle and fins angle. The onset of oscillatory instability of 

Benard-Marangoni convection in a horizontal fluid layer subjected to the Coriolis force and internal heat 

generation is investigated by Char et al. [23]. The results show that smaller absolute values of critical Marangoni 

number and frequency take place at larger values of Cripation number. The work of Chen [24], examines the 

natural convection heat transfer from a horizontal isothermal cylinder of elliptic cross section in a Newtonian 

fluid with temperature dependent heat generation. Results show that the heat transfer rate and sink friction of the 

elliptical cylinder with slender orientation are higher than the elliptical cylinder with blunt orientation. Fontana 

et al. [25], investigated numerically the natural convection in a partially open square enclosure with internal heat 

source. For a low Rayleigh number, it is found that isotherm plots are smooth and follow a parabolic shape 

indicating the dominance of the heat source. But as the Rayleigh number increases, the flow is slowly becoming 

dominant by the temperature difference by the walls. An analysis of  Higuera and Ryazantsev [26] presented the 

laminar natural convection flow due to localized heat source on the center line of a long vertical channel or pipe 

whose wall is kept at a constant temperature. It is found that the optimal height of the channel is leading to 

maximum mass flux and minimum temperature for a given heat released rate. Deshmuch et al. [27] investigated 

natural convection circulation in enclosures with uniform heat generation for different Prandtl number fluids. It 

is found that the steady state solutions are obtained for all Rayleigh number, except at Rayleigh number=10
6
. 

Natural convection flow from a horizontal circular cylinder with uniform heat flux in presence of heat generation 

has been investigated by Molla et al. [28]. It is clear from the results that the pressure distribution increases was 

increasing heat generation. Recently, Hussein and Hussain [29] studied numerically the problem of two-

dimensional laminar natural convection in a tilted square enclosure in the presence of internal heat generation 

using finite volume method. The results indicate that as the inclination angle increases, the hydrodynamic 

boundary layer at the hot and cold sidewalls decreases. On the other hand, the thermal boundary layers increases 

as the internal heat source increases. 

From the literature review cited above it can be seen numerous numerical and experimental researches have 

studied the steady laminar natural convection of the fluid medium in differently shaped enclosures in the 

presence or absence ofinternal heat generation or uniformly and non-uniformly heated sidewalls,but the best part 

of this paper which is to study the natural convection inside parallelogram shaped enclosure including internal 

heat generation and linearly heated wall boundary has not been addressed yet; therefore, in this study we 

investigate these objectives. The numerical results have been solved by using finite volume method. The 

governing parameters studied are (Φ) angle of inclination, internal Rayleigh number (RaI) and external Rayleigh 

number (RaE).   
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2. Mathematical analysis 

The geometry and coordinate system of the problem under consideration is described in Fig. 1. It consists of a 

parallelogrammic-shaped enclosure of dimension, L, whose both left and right walls are isothermal but 

temperature of left wall is higher than that of right wall which is inclined at an angle ( β =30°) with respect to 

vertical. However, the upper and lower walls are considered to be thermally insulated. The enclosure is filled 

with an air whose its Prandtl number is taken as 0.71. The enclosure under investigation is inclined at inclination 

angles of (Φ) ranging from 0
o
 to 45

o
. All the numerical calculations are performed at the external Rayleigh 

numbers ranging from 10
3
 to 10

6
 while the internal Rayleigh numbers ranges from 10

5
 to 10

8
. The solution  is 

obtained by using a finite volume scheme and the following assumptions are considered in the present analysis : 

- 

1. The flow is considered laminar, steady and two dimensional. 

2. The fluid properties are assumed constant except for the density variation in the buoyancy term which is 

treated according to Boussinesq approximation.  

3.The fluid inside the enclosure is assumed Newtonian and incompressible while viscous dissipation effects are 

considered negligible.  

4.The model is assumed not to be subjected to any external flow; hence the internal natural convection 

phenomenon is studied for the present model. 

The laminar internal two-dimensional flow and the temperature distribution inside the enclosure are described by 

the Navier–Stokes and the energy equations, respectively. The governing equations are transformed into 

dimensionless forms by using the following dimensionless variables[20]; 

 

� = � − ���� − �� 	 , 	 = 

�	 , � = 


� 		 , � = ��
� 	 , � = ��

� , ���	� = ���
��� 																																																																						(1) 

 

The dimensionless forms of the governing equations are expressed in the following forms [20]; ��
�	 + ��

�� = 0																																																																																																																																																									(2 − �) 
� ��
�	 + � ���� = −��

�	 + !����	� + ���
���" + #$�%�& sin*+ 	�																																																																							(2 − ,) 

� ��
�	 + � ��

�� = −��
�� + !����	� + ���

���" + #$�%�& cos*+ 	�																																																																								(2 − /) 
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where$�%is	the external Rayleigh number and$�0   is the internal Rayleigh number. The previous dimensionless 

numbers are defined by [30] as; 

 

�& = �
1 , $�% = 2	γ	(�� − ��)�4�&�� 						and					$�0 =	2	γ	7�8�91 																																																																		(3) 

 

whereγ is the volumetric coefficient of thermal expansion, 	�  is the kinematic viscosity, 1  is the thermal 

diffusivity and  2is the gravitational acceleration. Two types of Rayleigh number are defined in this work, the 

first is called internal Rayleigh number ($�0), which represents the strength of the internal heat generation and 

the other is called external Rayleigh number($�%), which represents the effect due to the differential heating of 

the isothermal sidewalls. The rate of heat transfer is expressed in terms of average Nusselt number (Nu====) as 

follows; 

Nu==== = −> ?���	@ABC
D

C
		�
																																																																																																																																														(4) 

 

3. Boundary conditions  

The boundary conditions which are used in the present study can be arranged as follows; 

1. The top wall is thermally insulated, so; FG
FH = 0,   U = V = 0   (5) 

2. The bottom wall is thermally insulated, so; Iθ
IJ = 0 , U = V=0               (6)        

3. The left side wall is linearlyheated, so; � = 1 − �/ cos(30°),U = V = 0     (7)   

4. The right side wall iskept at a uniform cold temperature, so; 

θ= 0   and   U = V = 0  (8) 

 

4. Numerical solution procedure 
Firstly the problem is defined as a steady, laminar, and two dimensional parallelogram-shaped enclosure. Control 

volume based on Finite Volume Method (FVM) is to be used to discretize the governing differential flow 

equations as discussed by Patankar [31]. Central differencing is used to discretize the diffusion terms, whereas a 

blending of upwind and central differencing is used for the convection terms.  Computing the collocated grid 

requires computing the cell face velocities. The pressure- velocity coupling in the governing equations is 

achieved using the well-known SIMPLE algorithm for numerical computations. The pressure correction equation 

is derived from the continuity equation to enforce the local mass balance as given in Ferzinger and Peric [32]. 

Linear interpolation and numerical differentiation are used to express the cell-face value of the variables and 

their derivatives through the nodal values. The final discretized form of governing equations is to be solved 

sequentially using the Strongly Implicit Procedure (SIP) solver [33]. Iteration is continued until difference 

between two consecutive field values of variable is less than or equal to 10
-6

. Further stabilities of numerical 

algorithm, under relaxation factors of 0.2-0.85 are used in the present computations. The description of this 

solution method is given very well in Ferzinger and Peric [32] and the details are not given here for brevity. 

 

5. Grid refinement check 

Two dimensional body fitting gridis used for the present computation. The 2-D computational grids are clustered 

towards the walls. The location of the nodes is calculated using a stretching function as described by Thompson 

et al. [34] so that the node density is higher near the walls and the round corners of the parallelogram-shaped 

enclosure. In order to obtain grid independent solution, a grid refinement study is performed for the 

configuration problem of the present study with RaE= 10
6
, RaI= 10

8
, Pr= 0.71, and Φ= 45°. In the present work, 

eight combinations(40 x 40, 50 x 50, 60 x 60, 70 x 70, 80 x 80, 100 x 100, 120 x 120 and 150 x 150) of non-

uniform grids are used to test the effect of grid size on the accuracy of the predicted results. Fig. 2 shows the 

convergence of the average Nusselt number	(Nu====), at the linearly heated sidewall of the parallelogram-shaped 

enclosure with grid refinement. It is observed that grid independence is achieved with combination of (120x120) 

control volumes where there is insignificant change in the average Nusselt number	(Nu====) with the improvement 

in finer grid. The agreement is found to be excellent which validates the present computations indirectly. 
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6.  Numerical results verification 

For the purpose of the present numerical algorithm verification, a laminar natural convection problem is 

investigated in which square cavity is filled with air (Pr = 0.71) with horizontal wallsassumed adiabatic, while 

the sidewalls are isothermal but kept at different temperatures,  containing internal energy source. A 120 x 120 

mesh with clustering towards the walls is used and computations are done for RaE= 10
5
, RaI= 10

7
. Comparisons 

of the average Nusselt numbers at uniformly heated left sidewall are shown in Table 1. 

The general agreement between the present computation and the previous values obtained by Tofiqul et 

al. [20] is seen to be very well with a maximum deviation of about 6.478%.Further verification is performed by 

using the present numerical algorithm to  investigate  the  same problem considered by Tofiqul et al. [20] and 

Shim and Hyun [14] using the same flow conditions, geometriesand the boundary conditions but the numerical 

scheme is different. The comparison is made using the following dimensionless parameters:Pr = 0.71, RaE= 10
5
, 

RaI= 10
7
and Φ = 0°. Excellent agreement is achieved between the results of Tofiqul et al. [20] and Shim and 

Hyun [14] and the present numerical scheme results for both streamlines and temperature contours inside the 

square cavity filled with air as shown in Fig. 3. These verifications give a good confidence in the present 

numerical model to deal with the physical problem.  

 
Fig. 2. Convergence of average Nusselt number along the linearly heated side wall of the  parallelogrammic-

shaped enclosure with grid refinement at RaE = 10
6
, RaI= 10

8
, Pr = 0.71 and Φ = 45°. 

 

7. Results and discussion 

The objective of this paper is to study the flow field and isotherms inside an inclined parallelogram-shaped 

enclosure and the average Nusselt number distribution along linear side wall with external Rayleigh number 

(RaE) ranging from 10
3 

to 10
6
, internal Rayleigh number (RaI) ranging from 0 to 10

8
 and enclosure inclination 

angle (Φ) ranging from 0° to 45°. Air is chosen as a working fluid with Pr = 0.71. 

Table 1  
Comparison of the present average Nusselt number along the heated left side wall with those of previous studies. 

RaI RaE 
Nu==== Maximum 

deviation    % Shim and Hyun [14] Tofiqul et al. [20] present work 

10
6
 10

5
 -0.1 -0.1 -0.100125 0.125 

10
7
 10

5
 -46.0 -43.02 -43.01985 6.478 
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7-1. Flow- thermal structure  

The flow structures and the thermal field are presented by the streamlines and isotherms in Figs. 4 and 5, 

respectively, for RaE=10
3
 and all values of RaI and Ф. It can see from Fig. 4 for streamlines distribution at RaI=0 

(non-heat generation) and Ф= 0°, the enclosure is occupied by a single large clockwise vortex centered in the 

main enclosure, with intense upward and downward flows adjacent to the left hot wall and to the right cold wall, 

respectively. When the inclination angle is increased Ф > 0°, the intensity of the circulation is increased and 

hence, the maximum value of stream function is observed and the streamlines is distributed uniformly. But no 

significant changes in the flow characteristics are noted. With a Rayleigh number of 10
5
≥RaI≥10

6
 and Ф= 0°, the 

enclosure is filled by two vortices due to opposing and aiding buoyancy force. Both counter-clockwise and 

clockwise vortices near the hot and cold side walls, respectively. Furthermore an increase in Rayleigh number 

range from 10
7
≥RaI≥10

8
 and Ф=0°, indicating that the flow pattern is influenced greatly by heat source than the 

temperature difference.  Hence, the streamlines are distorted due to vigorous sinking motion and the heat transfer 

rate is enhanced.  

With the increasing of enclosure inclination angle (Ф > 0°), the flow patterns are clustered and compressed 

towards the sidewalls forming a thick boundary layer, due to x-component of buoyancy force and the external 

heating oppose the flow of the two vortices. Moreover, the right cold vortex begin to enlarge while the left hot 

vortex begin to decrease. As well as, the cores of the left and right vortices move down toward the left and right 

bottom corners respectively. The results when RaE=10
3
 indicate that the flow field resulting from the internal 

heat source has a greatest effect than the flow field resulting from the differentially heated sidewalls of the 

enclosure due to buoyancy force effect. 

Fig. 5  illustrates isotherms  for RaE=10
3
. As expected from the streamlines contours in Fig. 4 at RaI= 0 

where no significant changes in the flow characteristics are noticed with the increasing of the enclosure 

inclination angle.  With the same increasing of the enclosure inclination angle (Φ) at RaI=0 in Fig. 5, the 

isotherms don’t change dramatically and the convection is the basic mode. And when RaI=10
5
,  the distribution 

of the isotherms basically implies that the enclosure is in natural convection domain. As 10
6
≥RaI≥10

8
, the 

isotherms at the upper core portion of the enclosure are almost distributed linearly (horizontally and vertically 

one to each other) showing conduction dominant heat transfer begin to observed at this portion. But at the lower 

part of the enclosure the convection heat transfer regime is remaining dominant.  

Generally, when the enclosure inclination angle (Φ) is increase, then the circulation motion is enhanced 

Fig. 3.Comparison of  streamlines and isotherms between the results of the present work and that of Shim and 

Hyun [14]  and Tofiqul  et al  [20] in the  square  cavity filled  with air using flow conditions ( Pr = 0.71, RaE 

= 10
5
 , RaI = 10

7
, Φ=0° ). 

 

Shim and Hyun 

[14] Results 

Tofiqul  et al  

[20] Results 

 

Present Results 
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and when RaI ≥10
5
  the isotherms lines indicate that the enclosure becomes similar to that of pure convection. 

But when 10
6
≥RaI≥10

8
 the isotherms lines indicate that the enclosure becomes similar to that of pure conduction 

at the upper part and convection at the others. Similarly when the two cores of the streamlines vortices move 

downward to the lower portion of the enclosure, see Fig. 4, the isotherms forming two groups too, as shown in 

Fig. 5. It is also interesting to observe that as internal heat generation increases the isotherms compressed to the 

sidewalls then the discrete isotherms near the sidewalls get compressed strongly towards the sidewalls due to 

high temperature gradient within the thermal boundary layer. The thermal boundary layers near the left heated 

sidewall and the right cold sidewall increases from bottom to upper as the effect of the internal heat generation 

increases. As the external Rayleigh number increases to 10
6
, Figs. 6 and 7 show the streamlines and isotherms 

contours. In fact, the action of RaE is completely clear in this case. Generally, the distortion of the streamlines 

started earlier in this case of RaI= 0 if it is compared with the same previous case of RaE=10
3
. This is due to 

chaotic flow and earlier increasing in the linearly heating of the left sidewall with increasing of RaE to 10
6
, then 

the better energy transfer is done by convection here. It is obvious from the streamlines contour of RaE=10
6
, Fig. 

6, when RaI≤ 10
6
 and Ф=0°, the enclosure is occupied by a large dominate clockwise vortex fill almost the area 

of the enclosure and another very weak and small vortex at the upper left corner of the enclosure. 

Instantaneously, the effect of external heating is greater than the effect of internal heating, and then the 

convection heat transfer is still dominated. As a result of increasing of enclosure inclination angle (Φ), the 

circulation becomes stronger, more uniform and smoother. Some perturbation can be noted in the upper right and 

lower left corners due to impingement of the fluid to the side walls, and some small and weak vortices appear 

and vanish in the core of the enclosure.  

An increase in Rayleigh number RaI ≥10
7
 provides an equal heat generation effect on left hot and right 

cold sides, the circulation becomes intensive especially near the hot wall side, and the high heat generation rate 

produced two opposite directions, irregular and differs in intensity vortices. I.e., aiding buoyancy force on the 

left vortex and apposing buoyancy force on the right vortex. Hence, the weak and small vortex at the upper left 

corner begins to expand. With  increasing in the enclosure inclination angle (Φ), the right cold vortex begin to 

expand and press and lift the left small and hot vortex to the upper left corner at RaI=10
7
 and to the left hot side 

wall at RaI=10
8
. An increasing in the enclosure inclination angle (Φ) implies that the heat transfer by convection 

is dominated and forming a complex expected streamlines. It is very important to observed that at RaI= 0 and 

Ф= 0°, the same dominated vortex that seen in the streamlines of Fig. 6  is found here in Fig. 7 but in isotherms 

form. As RaI=0 and Ф=0°, no heat generation inside the enclosure, the flow is controlled by the temperature 

difference of hot and cold side walls only then the convection heat transfer is domineer here. Further increase in 

Rayleigh number to 10
6
 and Ф=0°, the rate of heat generation increases gradually, then the isotherms curves 

started to change its shape to the linear forms indicating that the conduction heat transfer starts to be dominant at 

the upper part of the enclosure.  But at the lower part of the enclosure the convection heat transfer regime is 

remaining dominant. It can be noticed from the results Fig. 7, when the internal heat generation increases, the 

thermal boundary layers begin to increase adjacent to the hot and cold sidewalls. 

 As mentioned before, when the enclosure inclination angle (Φ) is increase and RaI≤ 10
6
 the circulation 

motion is enhanced and the isotherms indicate that the enclosure becomes similar to that of pure convection. 

when the enclosure inclination angle (Φ) is increase and 10
7
≥RaI≥10

8
, the shape of the isotherms don’t change so 

much implying that the diagonally linear isotherms in a conduction mode form at the upper part and convection 

mode form at the lower part of the enclosure. 

 

7-2. Heat transfer characteristics 

Average Nusselt number on the linearly heated wall calculated by Eq. (4) is presented in Fig. 8, as a function of 

the internal heat generation, RaI from 10
5
 to 10

8
 for different inclination angles and for different external heating 

of RaE=10
3
 to RaE=10

6
. The results show that the average Nusselt number remains invariant between the RaI=10

5
 

to RaI=10
6
 but it increases rapidly when internal heat generation increases above this range because of the impact 

of internal heat generation. Maximum average Nusselt number is obtained for minimum value of external 

heating (RaE=10
3
) and for Φ= 0° for all values of RaE, because of high convective heat transfer. The negative 

sign of Nusselt number values means that the linearly heated wall receives the heat from the inside hot fluid.     

 

8. Conclusions 

Natural convection in a tilted parallelogram-shaped enclosure having linearly heated wall (left sidewall) and cold 

wall (right sidewall) while the horizontal walls are well insulated and contain internal heat generation is studied 

numerically. The governing equations for this study are put in the dimensionless forms and are solved by using 

finite volume technique. Results are presented in streamlines and isotherms for all parametric studies. From the 

results presented above, the main conclusions are as follows; 

1. The isotherms lines become more vigorous at high external heating (RaE=10
6
) and convection heat transfer 

represents the principal mode. 
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2. Maximum Nusselt number is obtained when the relatively weak external heating (RaE=10
3
) and high 

internal heat generation (RaI=10
8
) and angle of inclination Φ= 0

o
, see Fig. 8a.   

3.  An increase in   RaI leads to an increase in the values of streamlines, temperature gradient and thickness of 

the boundary layer. 

4. When RaE=10
3 

and RaI >0, the enclosure is occupied by two circulations, i.e, both anti-clockwise and 

clockwise vortices near the hot and cold side walls due to negative and positive buoyancy effect 

respectively. 

5. The circulation near the heated wall is less intense than the main circulation; the heat generation begins to 

lose its importance to the difference in temperature between the wall sides at high RaE=10
6
. 

6. The flow and the heat transfer are controlled by the internal heat generation and difference in temperatures 

of sides walls. 

7. When RaE=10
3
 the isotherms can be controlled mainly by the heat source (RaI), then the conduction heat 

transfer is very clear to be dominant. Vice versa, and controlled by temperature difference (RaE) when 

RaE=10
6
, then the convection heat transfer is very clear to be dominant. 

8. Due to different buoyancy forces effect on the left and right vortices, the circulation close to cold side wall 

is greater than that close to right hot side wall. 

9. At Φ =0
o
 and RaE=10

3
 the two vortices is appeared at RaI=10

5
, but at RaE=10

6
 the two vortices is appeared 

at RaI=10
7
, this make to understand that the conduction is dominant at lowest Rayleigh number and the 

convection is dominant at the highest Rayleigh number. 

 

Nomenclature 

2 Gravitational acceleration,( m/s
2
) 

G Uniform volumetric heat generation (W/m
3
) 

k Thermal conductivity of fluid, (W / m.°C) 

L Length or width of the enclosure (m) Nu==== Average Nusselt number 

P Dimensionless pressure 

p Pressure, (N/m
2
) 

Pr Prandtl number $�%  External Rayleigh number $�0  Internal Rayleigh number 

T Temperature, (°C) 

Tc Temperature of the cold surface, (°C) 

Th Temperature of the hot  surface, (°C) 

U Dimensionless velocity component in x-direction 

u Velocity component in x-direction, (m/s) 

V Dimensionless velocity component in y-direction 

v Velocity component in y-direction, (m/s) 

W Width of the flat bottom of the enclosure,(m) 

X Dimensionless coordinate in horizontal direction 

x Cartesian coordinate in horizontal direction, (m) 

Y Dimensionless coordinate in vertical direction 

y Cartesian coordinate in vertical direction, (m) 

 

G reek symbols 

 

α Thermal diffusivity, (m
2
/s) 

γ Volumetric coefficient of thermal expansion, (K
-1

) 

β Sidewall enclosure inclination angle from vertical  direction, (degree) 

Φ Enclosure inclination angle with horizontal  direction, (degree) 

θ Dimensionless temperature 

ρ Density of the fluid, (kg/m
3
) �  Kinematic viscosity of the fluid, (m

2
/s) 
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