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Abstract - A numerical study on natural convection in rectangular air cavities with two discrete heaters was carried out to 
solve the governing equations bassed on the finite difference technique developed by Patankar. The numerical solution covers 
cases of natural convection for Prandtl number, Pr = 0.72, Rayleigh number ranging from 102 ≤ Ra ≤ 107, and cavity 
inclination angle, Φ from 0o to 180o with different aspect ratios, 0.5 ≤ A ≤ 50. The effects of heaters position ratio, B1 and B2, 
and heaters size ratio, 0.125  ≤  ε  ≤ 0.375 were studied. The calculation grid used in the solution was tested to determine the 
best grid spacing and the effects of grid size on the numerical solution. The results are presented graphically in the form of 
streamline and isotherm contour plots. The heat transfer characteristics, local and average Nusselt number are presented and 
compared with previous results and good agreement was found. 
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I. INTRODUCTION 
 
The topic of natural convection in enclosures is one of 
the most active areas in the contemporary heat transfer 
research. The current study is the proto-type of many 
industrial and engineering applications, such as 
cooling of electronic equipment, meteorological and 
geophysical applications, operations and safety of 
nuclear reactors, energy storage, firecontrol, studies of 
air movement in attics and greenhouses, solar 
distillers, growth of crystals in liquids, etc. Buoyancy 
driven flows are complex because of the essential 
coupling between such flows and the thermal fields. A 
wide review was performed by Elsherbiny and Ismail 
[1] had numerically investigated the effects of cavities 
aspect ratio and tilt angle on laminar natural 
convection of air in inclined rectangular cavities with 
two localized heat sources. Teamah [2] solved 
numerically the double-diffusive convective flow in a 
square enclosure with segmental heat sources. The 
results show that average Nusselt number and average 
Sherwood number increased with the increasing of the 
Rayleigh number, the dimensionless heater length and 
Prandtl number. Zaman et al.[3] solved a problem on 
natural convection laminar flow from two discrete 
heaters at the bottom wall numerically. 
 
The result showed that, the local rate of heat transfer 
from the heated parts increases owing to the increase 
in the Rayleigh number. Ahmadi [4] investigated 
numerically the fluid flow and heat transfer 
characteristics of natural convection in a square three-
dimensional enclosure. The main efforts were focused 
on the effects of Rayleigh number, position of hot and 
cold sources, and their size on the flow structure and 
heat transfer characteristics. Edward et al. [5] 
investigated the natural convection with localized 
heating and cooling on opposite vertical walls in an 

enclosure and the study of turbulent natural 
convection flow in a rectangular enclosure.Hussain[6] 
studied the effect of combined convection flow 
through inclined rectangular enclosure with a sliding 
wavy hot top surface. A numerical analysis has been 
performed to simulate laminar combined convection 
heat transfer in a two-dimensional sliding rectangular 
inclined enclosure. Namprai, and Witayangkurn [7] 
investigated the fluid flow and heat transfer in 
square cavities with two discrete source-sink pairs. 
The arrangement of the sources and sinks were 
changed from the separated to staggered modes. The 
parameters are Darcy number in the range from 10−6 
to 10−1, Rayleigh number as 106, and Prandtl number 
as 0.71. Corcione and Habib [8] studied numerically 
the laminar natural convection heat transfer inside 
fluid-filled, tilted square cavities cooled at one side 
and partially heated at the opposite side. They found 
that the heat transfer rate increases with increasing the 
Rayleigh and Prandtl numbers, and the size of the 
heater. Deng [9] investigated numerically the laminar 
natural convection in a two-dimensional square cavity 
due to two and three discrete heat source–sink pairs on 
the vertical sidewalls. Main efforts were focused on 
the size and arrangement effects of the sources and 
sinks on the fluid flow and heat transfer 
characteristics. Pinto et al. [10] studied numerical heat 
transfer by natural convection of a fluid inside a 
square cavity with two inner bodies. Khanafer et al. 
[11] studied heat transfer enhancement in a two-
dimensional enclosure. Natural convection in a cavity 
from two and three discrete heat sources had been 
numerically investigated by Davis [12]. It was found 
that by increasing the number of sources from two 
sources to three sources, the number of eddies in the 
enclosure increases, and results in the increase of heat 
transfer. Sivasankaran et al. [13] studied the effect of 
discrete heating on free convection heat transfer in a 
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rectangular porous enclosure containing a heat-
generating substance. The maximum temperature 
decreases with the modified Rayleigh number and 
increases with the aspect ratio. 
 
II. MATHEMATICAL FORMULATION 
 
The mathematical problem treatment of the discrete heat 
source location effects on the natural convection heat 
transfer and flow in an enclosure is considered. This study 
will be concerned on the flow and heat transfer from two 
discrete heat sources to a cold surface inside an enclosure. 
The differential equations governing the conservation of 
mass, momentum and thermal energy together with their 
boundary conditions are introduced. The fluid in an 
enclosure is considered a Newtonian constant property fluid, 
except for the density in the buoyancy force components 
existing in the momentum equations. 
 
Governing equations 
 
The continuity, momentum and energy equations can be 
written for a two dimensional laminar flow of an 
incompressible Newtonien fluid. For these equations, it is 
assumed that there is no viscous dissipation, the gravity acts 
in vertical direction, and fluid properties are constant. 
However, the Boussinesq approximation is accepted. 
Introducing this assumption and assuming steady state 
situation we get: 
 

 
Figure (1) A sketch of the problem 
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Dimensionless analysis 
The governing equations of natural convection and the 
boundary conditions can be non-dimensionalized by 
dividing all dependent and independent variables by 
suitable constant quantities [14] as: 
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The dimensionless governing equations will result: 
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General transport equation 
The general form of the transport equation used by 
Patankar [15] for steady state in (x-y) directions is 
given as: 
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Each of the governing equations (4) up to (7) could be 
written in the above general form, so the constants are 
given in Table (1). 
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Table (1) Dimensionless diffusion coefficients and source terms 

for the governing equations 
 

The boundary conditions  
The calculation domain for the natural convection 
problem is shown in figure (1) 
The two discrete heat sources are heated at Th and the 
opposing wall is cooled to Tc. All other walls are 
assumed adiabatic. Thus, the boundary conditions are 
given as follows:  
The dimensionless boundary conditions  
 Boundary Conditions for the Hot Surface 
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At         10  Y   , and             0X  

Adiabatic,              0


X
  , 0U  , 0V  

Boundary conditions for Cold surface 
At         1Y   , and             AX 0  
Isothermal,      0 , 0U , 0V  
The Nusselt number 
     The Fourier law states that, the rate of local heat 
flow by conduction in the fluid layer adjacent to the 
hot surface is proportional to the gradient of 
temperature normal to the surface 

y
Tkqcond 

                

(8)  
The local heat flow from the surface can also be 
related to the local convective heat transfer coefficient 
between the surface and the fluid by:   

)( chxcond TThq   (9)  
Equating equations (8) and (9) we get 
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The average heat transfer coefficient, h is given as: 
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Where:    )2(11 sbx   , )2(12 sbx   

)2(23 sbx   , )2(24 sbx   
The local Nusselt Number, Nux is defined as: 
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In dimensionless form 
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Where:                                                 
)2()( 11 AABX    ,
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Average Nusselt number over the hot surfaces is 
defined as 
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III. NUMERICAL RESULTS AND 
DISCUSSIONS 
 
The computer program used to solve the governing 

equations is based on the finite difference technique 
developed by Patankar [15].The technique solves 
simultaneously the continuity and momentum 
equations then the thermal energy equation. The 
accuracy of the solution and the required number of 
iterations were checked.  
 
3.1. Grid independence 
The grid independence was studied for the case of a 
rectangular enclosure using air as the working fluid. 
The analysis was done for four uniform grid sizing 
(82×82), (62×62), (42×42) and (22 × 22) nodesfor Ra 
= 104, A = 1, B1 = 0.25, B2 = 0.75, ε = 0.25 and Φ = 
0o. 
 

Grid ∆X=∆Y Average Nu % Deviation 
22×22 0.1 3.208 13.8 
42×42 0.05 2.855 1.2 
62×62 0.033 2.777 1.5 
82×82 0.025 2.82 0.0 

Table 2 Effect of grid mesh size on the average Nusselt number 
 

The maximum difference between (42×42) grid and 
(82×82) is within 1.2%. Due to the large number of 
runs in the present study and the increased run time, it 
was decided that it is good enough to use the mesh 
size (42×42). 
 
The spacing between nodes in x- direction (ΔX) was 
changed from 0.033 to 0.1. It is shown that ΔX = 0.05 
is good enough to reach a reasonable accuracy. Figure 
(2) shows the effect of the spacing between nodes in 
x- direction (ΔX) on average Nusselt number. 
 

 
Figure 2 Effect of grid spacing on average Nusselt number 

 
3.2. The number of iterations  
Figure (3) shows the effect of number of iterations on 
the average Nusselt number for Ra = 104, A = 1, B1 = 
0.25, B2 = 0.75, ε = 0.25 and Φ = 0o. As shown, 
stability of the solution occurred after 2500 iterations. 
In all present numerical runs, 5000 iterations were 
used as a maximums value. The convergence of the 
solution is determined by the change in the average 
Nusselt number as well as other dependent variables 
through more than one hundred iterations to be less 
than 0.01% from its previous value. Figure (3) shows 
the convergence and stability of the solution. 
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Figure 3 Convergence and stability of the solution 

 
3.3. Numerical work comparison  
In order to verify the numerical technique employed 
for the solution of the problem considered in the 
present study, the results of present code were tested 
and compared with different benchmark solutions 
available in the literature for rectangular cavities. The 
results of the present simulation agree well with the 
earlier investigations over the entire range of Rayleigh 
numbers, with maximum deviation being less than 
16%, and thus lending credibility to the present code.  
Table (3) Comparison of present results with the 
benchmark results 

 

 
 

IV. RESULTS FOR THE NUMERICAL 
SOLUTION 
 
The numerical results for natural convective heat 
transfer in tilted rectangular air layers of different 
aspect ratios with discrete heating and at different 
Rayleigh numbers will be reported as streamlines and 
isotherms and heat transfer values. The streamlines 
and isotherms will be presented in two groups, the 
first for large heater sizes (ε = 0.25) and the second for 
small heater sizes (ε = 0.125). For each group, 3 
different aspect ratios (A = 1, 5, 10) will be tested for 
102 ≤ Ra ≤ 107. The effect of angle of inclination, Φ in 
the range 0o ≤ Φ ≤ 180o will be investigated for the 
square cavity (A = 1). 
 
4.1. Streamlines and Isotherms  
4.1.1. Streamlines and Isotherms for large heaters  
Figures (4) up to (9) give the streamlines (left) and 
isotherms (right) for A = 1, B1 = 0.25, B2 = 0.75, ɛ = 
0.25 and Ra from 102 up to 107. The effect of angle of 
inclination, Φ is shown on each figure for 0o ≤ Φ ≤ 
180o with 30o intervals. Figure (4) shows the 
streamlines and isotherms, for Φ = 0o, four vortices 
are formed above the heater plates. The upper portion 
of the cavity is almost a dead zone. The four vortices 
are symmetric with the vertical center line of the 

cavity.  
 
For 30o ≤ Φ ≤ 150o, streamlines consist of a single 
vortex, with its center in the center of the enclosure. 
The heat transfer is dominated by conduction as 
shown in isotherms which are parallel to cold wall.For 
Φ = 180o, four small vortices are formed again in the 
upper portion of the cavity near the heater plates. The 
lower portion is almost a dead zone. The four vortices 
are symmetric with the vertical center line of the 
cavity. The heat transfer is dominated by conduction 
as shown in isotherms which are parallel to cold wall. 

 

 
Φ = 180o Φ = 0o   Φ = 180oΦ = 0o 
Streamlines           Isotherms 

Figure 4 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=102) 

 
Figure (5) shows the streamlines and isotherms, the 
streamlines did not change but the intensity increased. 
The isotherms started to deviate from being parallel to 
the cold plate indicating a transition from conduction 
to convective heat transfer. 

 

 
Φ = 180oΦ = 0o   Φ = 180oΦ = 0o 
Streamlines Isotherms 

Figure 5 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=103) 

 
Figure (6) shows the streamlines, Two longitudinal 
rolls rotating at opposite direction are shown for Φ = 
0o, and regarding the isothermal lines, there is a 
symmetry at the cavity vertical centerline with 
identical values for both heaters. At Φ = 30o, 
streamlines consist of a single vortex, with its center 
in the center of the enclosure. The effect of convection 
is more pronounced in the isotherms, the isothermal 
lines are those for the boundary layer regime. 
At Φ = 60o the core of the vortex is elongated slightly 
taking an elliptical shape. The effect of convection is 
more pronounced in the isotherms; the isothermal 
lines are typical of the boundary layer shape. At Φ = 
90o the core of the vortex is distorted and moved 
slightly downward and near the cold wall. The effect 
of convection is more pronounced in the isotherms. At 
Φ = 120o the streamlines become rectangular and the 
core is elongated with two circulations in its center. 
The effect of convection is more pronounced in the 
isotherms. 
At Φ = 150o the core is distorted with two circulations 
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one near the heaters and the other near the cold wall. 
At Φ = 180o, four small vortices are formed in the 
upper portion of the cavity near the heater plates. The 
lower portion is a dead zone.  

 

 
Φ = 180o Φ = 0o   Φ = 180oΦ = 0o 
Streamlines                   Isotherms 

Figure 6 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=104) 

 
Figure (7) shows the streamlines and isotherms, for Φ 
= 0o, one big single roll with low rotational speed is 
shown along with a small roll at the left upper corner 
of the cavity. The isotherms show the turbulence in 
the cavity core (oscillating flow), the isotherms are 
clustered near the surface of the two heaters as an 
effect of convection heat transfer. 
At Φ = 30o, the core becomes elliptical and the vortex 
rotates at higher rotational speed. The isotherms are 
clustered near the surface of the two heaters and they 
show that the effect of convection is increased.At Φ = 
60o, two vortices form at the center with the 
streamlines beginning to take a rectangular shape. The 
isotherms are clustered near the surface of the two 
heaters and they show that the effect of convection is 
still increasing. At Φ = 90o, the core is more elongated 
and two circulations form one near the hot plates and 
one near the cold wall. The isotherms are clustered 
near the surface of the two heaters and they show that 
the effect of convection is increased. At Φ = 120o, the 
core of the vortex is distorted. At Φ = 150o, the flow 
mainly consisted of two vortices with a dead zone 
separating the upper vortex from the lower vortex. 
The isothermal lines are horizontal without any 
change.At Φ = 180o, four small vortices are formed in 
the upper portion of the cavity near the heater plates. 
The lower portion is a dead zone.  

 

 
Φ = 180o        Φ = 0o   Φ = 180oΦ = 0o 
Streamlines                 Isotherms 

Figure 7 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=105) 

 
Figure (8) shows the streamlines,for Φ = 0o, 
streamlines form one big cell rotating at a higher 
velocity. The isotherms show the turbulence in the 
cavity core (oscillating flow). At Φ = 30o, the 
streamlines take a rectangular shape with three 
circulations in the center. The isotherms are clustered 

near the surface of the two heaters and they show that 
the effect of convection is increased. At Φ = 60o& Φ = 
90o, the streamlines take a rectangular shape and the 
vortices at the center are distorted. The isotherms are 
clustered near the surface of the two heaters and they 
show that the effect of convection is increased. At Φ = 
120o, the streamlines become irregular with little flow 
near the second heater. The isotherms are horizontal at 
the core of the cavity which indicates a stratified flow. 
At Φ = 150o, the flow mainly consisted of two vortices 
with a dead zone separating the upper vortex from the 
lower vortex. The isothermal lines are horizontal 
without any change. At Φ = 180o, four small vortices 
are formed in the upper portion of the cavity near the 
heater plates. The lower portion is a dead zone. There 
is symmetry with the vertical center line of the cavity. 
The heat transfer is dominated by conduction as 
shown in isotherms which are parallel to cold wall. 

 

 
Φ = 180o                 Φ = 0o   Φ = 180o      Φ = 0o 
Streamlines Isotherms 

Figure 8 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=106) 

 
Figure (9) shows the streamlines for the case of A= 1, 
B1= 0.25, B2 =0.75, ɛ = 0.25 and Ra = 107. For Φ = 0o, 
two longitudinal rolls are rotating at a high velocity in 
opposite directions. Left rolls are bigger than the right 
rolls. 
 
The core of the cavity becomes turbulent and the 
isotherms cluster at both heaters as an indication of 
convection heat transfer. At Φ = 30o, the streamlines 
take a rectangular shape with three circulations in the 
center. The isotherms are clustered near the surface of 
the two heaters and they show that the effect of 
convection is increased.At Φ = 60o, the streamlines 
take a rectangular shape and the vortices at the center 
are distorted. The isotherms are clustered near the 
surface of the two heaters and they show that the 
effect of convection is increased and horizontal at the 
core of the cavity. At Φ = 90o, the streamlines take a 
rectangular shape and the vortices at the center are 
distorted.  The isotherms are clustered near the surface 
of the two heaters and they show that the effect of 
convection is increased and horizontal at the core of 
the cavity which indicates a stratified flow. 
 
At Φ = 120o& Φ = 150o, the streamlines become 
irregular with little flow near the second heater. The 
isotherms are still clustered at the surface of the lower 
heater. The isotherms are horizontal at the core of the 
cavity. At Φ = 180o, the streamlines still irregular 
indicating turbulent flow and four small vortices are 
formed in the upper portion of the cavity near the 
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heater plates. The heat transfer is dominated by 
conduction and convection as shown in isotherms 
which are parallel to cold wall and clustered near the 
two heaters.  

 
Φ = 180o            Φ = 0o   Φ = 180o Φ = 0o 
               Streamlines             Isotherms 

Figure 9 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.25 and Ra=107) 

Figure (10) shows the streamlines and isotherms for 
the case of A = 5, B1 = 0.25, B2 = 0.75, ɛ = 0.25 and Φ 
= 0o. For Ra = 103, the flow consists of four vortices 
distributed equally along the space of the cavity. As 
Ra increases the rotational speed of the vortices gets 
higher but the streamlines stay the same. For Ra = 103, 
two plumes are created above the heaters with 
symmetry along the vertical centerline of the cavity. 
For Ra = 104 and 105, the plumes stay essentially the 
same but become thinner. For Ra = 106, the plumes 
are distorted and the isotherms at the top of the cavity 
are parallel to the cold wall. 

 

 

 
Streamlines                                                   Isotherms 

Figure 10 Streamlines and isotherms (A=5, B1=0.25, B2=0.75, ɛ=0.25, Φ = 0o) 
 

Figure (11) shows the streamlines, the flow consists of 
four vortices distributed equally along the space of the 
cavity. As Ra increases the cores of the vortices are 
elongated in the horizontal direction. For Ra = 103, 
two plumes are created above each heater with 

symmetry along the vertical centerline of the cavity. 
For Ra = 104 and 105, the plumes stay essentially the 
same but become thinner. For Ra = 106, the plumes 
are distorted and the isotherms at the top of the cavity 
are parallel to the cold wall. 
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Figure 11 Streamlines and isotherms (A=10, B1=0.25, B2=0.75, ɛ=0.25, Φ = 0o) 

 
4.1.2. Streamlines and Isotherms for small heaters 
Figure (12) shows the streamlines and isotherms, for 
0o≤ Φ ≤ 150o, streamlines consist of a single vortex, 
with its center in the center of the enclosure. The heat 
transfer is dominated by conduction as shown in 
isotherms which are parallel to cold wall.At Φ = 180o, 
four small vortices are formed in the upper portion of 
the cavity near the heater plates. The lower portion is 
a dead zone. The four vortices are symmetric with the 
vertical center line of the cavity. The heat transfer is 
dominated by conduction as shown in isotherms 
which are parallel to cold wall. 

 

 
Φ = 180o Φ = 0o     Φ = 180oΦ = 0o 
Streamlines        Isotherms                   

Figure 12 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125 and Ra=102) 

 
Figure (13) shows the streamlines and isotherms, for 
Φ = 0o, two longitudinal rolls are rotating at opposite 
directions. There is symmetry at the cavity vertical 
centerline with identical values for both heaters.At Φ 
= 30o, streamlines consist of a single vortex, with its 

center in the center of the enclosure. The effect of 
convection is more pronounced in the isotherms. At Φ 
= 60o, the core of the vortex is elongated slightly 
taking an elliptical shape. The effect of convection is 
more pronounced in the isotherms.At Φ = 90o, the 
core of the vortex is distorted and moved slightly 
downward and near the cold wall. At Φ = 120o, the 
streamlines become rectangular and the core is 
elongated with two circulations in its center.  
At Φ = 150o, the core is distorted with two circulations 
one near the heaters and the other near the cold wall.   
At Φ = 180o, four small vortices are formed in the 
upper portion of the cavity near the heater plates. The 
lower portion is a dead zone. There is symmetry about 
the vertical center line of the cavity.  

 

 
   Φ = 180o           Φ = 0o   Φ = 180o     Φ = 0o 
Streamlines          Isotherms                     

Figure 13 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125 and Ra=103) 

 

Figure (14) shows the streamlines, for Φ = 0o, two 
longitudinal rolls rotate at opposite directions. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-3, Mar.-2018, http://iraj.in 

Numerical Simulation of Natural Convection in Air Layers with Two Discrete Heaters 
 

40 

There is a symmetry at the cavity vertical centerline 
with identical values for both heaters. At Φ = 30o, the 
core becomes elliptical and the vortex rotates at higher 
rotational speed. The isotherms are clustered near the 
surface of the two heaters and they show that the 
effect of convection is increased. At Φ = 60o, two 
vortices are formed at the center with the streamlines 
beginning to take a rectangular shape. The isotherms 
are clustered near the surface of the two heaters and 
they show that the effect of convection is increased.  
At Φ = 90o, the core is more elongated and two 
circulations form one near the hot plates and one near 
the cold wall. The isotherms are horizontal at the core 
of the cavity which indicates a stratified flow.At Φ = 
120o, the core of the vortex is distorted. The isotherms 
are still clustered at the surface of the lower heater. At 
Φ = 150o, the flow mainly consisted of two vortices 
with a dead zone separating the upper vortex from the 
lower vortex. The isothermal lines become horizontal 
but don’t change. At Φ = 180o, four small vortices are 
formed in the upper portion of the cavity. They consist 
of horizontal lines parallel to the cold wall which 
indicates that conduction is dominant. 

 
 Φ = 180oΦ = 0o   Φ = 180oΦ = 0o 
Streamlines  Isotherms                      

Figure 14 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125 and Ra=104) 

Figure (15) shows the streamlines and isotherms,for Φ 
= 0o, streamlines form one big cell rotating at a higher 
velocity. The isotherms show the turbulence in the 
cavity core and they are close at one heater at a time 
which calls for oscillating flow since the cavity is 
horizontal. From Φ = 30o to 90o the streamlines take a 
rectangular shape with three circulations in the center. 
The isotherms are clustered near the surface of the two 
heaters and they show that the effect of convection is 
increased. At Φ = 120o, the streamlines become 
irregular with little flow near the upper heater. The 
isotherms are horizontal at the core of the cavity 
which indicates a stratified flow. At Φ = 150o, the 
flow mainly consisted of two vortices with a dead 
zone separating the upper vortex from the lower 
vortex.   At Φ = 180o, four small vortices are formed 
in the upper portion of the cavity. The isothermal lines 
are restricted to a small area near the heater plates. 
The lower portion is a dead zone.  

 
Φ = 180o Φ = 0o   Φ = 180o Φ = 0o 
Streamlines          Isotherms  

Figure 15 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125 and Ra=105) 

Figure (16) shows the streamlines and isotherms,for Φ 
= 0o, streamlines form one big cell rotating at a higher 
velocity with two small rolls at the left. The isotherms 
show the turbulence in the cavity core and they are 
close to the two heaters which calls for oscillating 
flow since the cavity is horizontal.At Φ = 30o, and 60o, 
the streamlines take a rectangular shape with 
circulations in the center. The isotherms are clustered 
near the surface of the two heaters and they show that 
the effect of convection is increased. At Φ = 90o, the 
streamlines take a rectangular shape and the vortices 
at the center are distorted. The isotherms are clustered 
near the surface of the two heaters and the effect of 
convection is increased. At Φ = 120o, the streamlines 
become irregular with little flow near the upper heater. 
The isotherms are still clustered at the surface of the 
lower heater. At Φ = 150o, the flow mainly consisted 
of two vortices with a dead zone separating the upper 
vortex from the lower vortex. The isothermal lines 
become horizontal but don’t change. At Φ = 180o, four 
small vortices are formed in the upper portion of the 
cavity the dead zone dominates the space of the cavity 
and the flow is restricted to a small area near the 
heater plates. The isothermal lines are restricted to a 
small area near the heater plates. The lower portion is 
a dead zone which indicates that conduction is 
dominant.  

 
 Φ = 180o         Φ = 0o   Φ = 180oΦ = 0o 
Streamlines Isotherms                      

Figure 16 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125and Ra=106) 

 
Figure (17) shows the streamlines and isotherms,from 
Φ = 0o   to Φ = 180o   , the streamlines are irregular. 
The heat transfer is dominated by convection as a 
result of turbulence flow as shown in isotherms which 
are clustered near the two heaters.  

 

 
      Φ = 180oΦ = 0o   Φ = 180oΦ = 0o 
Streamlines          Isotherms                

Figure 17 Streamlines and isotherms (A=1, B1=0.25, B2=0.75, 
ɛ=0.125 and Ra=107) 

 
4.2. Heat transfer values 
4.2.1. Effect of size ratio on Nusselt number 
Figure (18) shows the effect of size ratio, ε in the 
range 0.125 ≤ ε ≤ 0.375 on Nusselt number, Nu for 
different values of Rayleigh number, Ra in the range 
10 ≤ Ra ≤ 107. For all cases, the cavity is vertical (Ф 
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=90o) and position ratios, B1 = 0.25, B2 = 0.75.As a 
general trend for all figures, the highest average 
Nusselt number, Nu occurs at the lowest value of size 

ratio, ε. 
Also, as Rayleigh number, Ra increases, the average 
Nusselt number, Nu increases. 

 
Figure 18 Effect of size ratio on average Nusselt number (B1 = 0.25, B2 = 0.75 andФ =90o) 

 
4.2.2. Effect of aspect ratio on Nusselt number with 
different size ratio 
Figure (19) shows the effect of Aspect ratio, A in the 
range 0. 5 ≤ A ≤ 50 on average Nusselt number, Nu 
for different values of size ratio, ε in the range 0.125 ≤ 
ε ≤ 0.375. For all these Figures, position ratio, B1 = 
0.25, B2 = 0.75 and Ф =90o (vertical cavity).The 
general trend for all figures is that increasing aspect 

ratio, A will decrease Nu due to the change of flow 
regime from convection to conduction. Also, in the 
convection flow regime (Ra ≥ 103), higher values of 
Nu occur at lower values of ε. For conduction flow 
regime (Ra ˂ 103), the large heaters (large ε) give 
more heat and thus higher Nu as in figure (20). 
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Figure 19 Effect of aspect ratio on average Nusselt number (B1 = 0.25, B2 = 0.75, andФ =90o) 

 
 

 
Ra=102Ra=10 

Figure 20 Effect of aspect ratio on average Nusselt number (B1 = 0.25, B2 = 0.75, andФ =90o) 
 

4.2.3. Effect of inclination angle on average Nusselt 
number  
The effect of inclination angle, Ф on average Nusselt 
number is shown in figures (21) for aspect ratio, A = 
1.0, position ratio, B1 = 0.25, B2 = 0.75 and ε = 
0.25and 0.125. Inclination angle, Ф was changed from 
0o to 180o. It is shown that the value of Nusselt 
number is highly dependent on the inclination 
angle.For Ra = 102, changing inclination angle, Ф 
from 0o to 180o, we found that the average Nusselt 
number, Nu is nearly constant, since the flow is pure 
conduction. 
For large heaters (ε = 0.25) and for 103 ≤ Ra ≤ 106, 

increasing inclination angle above Ф = 0o will 
increase the average Nusselt number, Nu till angle, Ф 
≤ 90o and then Nu will decrease till Ф = 150o. Nusselt 
number is nearly constant from Ф = 150o till Ф = 180o 
due to conduction regime.For Ra = 107, increasing the 
inclination angle from Ф = 0o we find that Nusselt 
number, Nu will be increased till Ф ≤ 90o. Nusselt 
number, Nu will then be decreased till Ф = 180o as 
convection regime prevails.For small heaters (ε = 
0.125) the same behaviors was found as the large 
heater, except for Ф = 180o at Ra ≥ 105 where Nu 
continues to decrease as convection flow regime 
prevails. 

 

 
ɛ = 0.25ɛ = 0.125 

Figure 21 Effect of tilt angle, Φ on average Nusselt number (A= 1, B1= 0.25, and B2 =0.75 
 

CONCLUSIONS 
 
The natural convective heat transfer in tilted 
rectangular air layers with two discrete heaters was 
numerically investigated at a wide range of Ra, A, Φ. 
The effects of heaters size and position were also 
studied. The streamlines contours showed that the flow 
regime is a strong function of the aspect ratio, angle of 
inclination beside the Rayleigh number. 

The study showed that the average Nusselt number 
increased with the increases in Ra, and decreased with 
the increase in ε in the range of 0.125 ≤ ε ≤ 0.375. 
Also, Nu decreased with the increase of A up to A=20 
then only small change occurred in Nu with further 
increase in A up to A=50.   
For the effect of tilt angle, Φ, Nu increased with Φ 
from Φ=0o up to Φ=90o, then it decreased till   
Φ=180o. This effect is more pronounced at high Ra 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-3, Mar.-2018, http://iraj.in 

Numerical Simulation of Natural Convection in Air Layers with Two Discrete Heaters 
 

43 

>103. 
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Nomenclature:  
A aspect ratio of enclosure,A= H/L 
b1 distance from x=0 to the centerofthe first 
heater, m 
b2 distance from x=0 to the centerofthesecond 
heater, m 
B1 position ratio ofthe first heaterB1=b1/H 
B2 position ratio ofthesecond heaterB2=b2/H 
Cp specificheat at constantpressure, J/(kg.K) 
g gravitational acceleration, m/s2 
Gr Grashofnumber, Gr=gβ (Th-Tc).(s/A)3/ ν2 
H height ofenclosure, m 
h averageheat transfer coefficient, W/m2K 
k thermal conductivity, W/m K 
L width of enclosure, m 
Nu average Nusselt number, h(s/A)/k 
Nux local Nusselt number, hx(s/A)/k 
P pressure, N/m2 
Pd non-dimensional dynamic pressure, Pd= 
pd(s/A)2/ρα2 
Pr Prandtl number, Pr = μ Cp/k 
Ra Rayleigh number based on (s/A), Ra = gβ 
(Th-Tc).(s/A)3/να 
s length of heat source, m 
t time, s 
T local fluid temperature, K 
Tc temperature of cold surface, K 
Th temperature of discrete heat source, K 
u ,v ,w dimensional velocity component in (x, y , z) 
directions , m/s 
U,V,W non-dimensional velocity component in 
(X,Y,Z) directions 
x ,y,z dimensional coordinates, m 
X,Y,Z non-dimensional coordinates 
 
Greek Symbols: 
 
α thermal diffusivity, k / ρCp,m2/s 
β coefficient ofvolumetricthermal expansion, 
K-1 
ρ local density, kg/m3 
μ dynamicviscosity, kg/m s 
ν kinematicviscosity, ν= μ/ ρ, m2/s 
Φ angular coordinate, rad 
Ɵ dimensionless temperature, Ɵ =(T-Tc)/(Th-
Tc) 
ε size ratio, s / H 

 
 
 

 
  


