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Abstract 
 

A numerical study of the double-diffusive laminar natural convection in a right triangular solar collector has been 
investigated in present work. The base (absorber) and glass cover of the collector are isothermal and isoconcentration 
surfaces, while the vertical wall is considered adiabatic and impermeable. Both aiding and opposing buoyancy forces 
have been studied. Governing equations in vorticity-stream function form are discretized via finite-difference method 
and are solved numerically by iterative successive under relaxation (SUR) technique. Computer code for MATLAB 
software has been developed and written to solve mathematical model. Results in the form of streamlines, isotherms, 
isoconcentration, average Nusselt, and average Sherwood number, are presented for wide range of the buoyancy 
ratio , angle of inclined glass cover with horizontal coordinate , Lewis number 

, thermal Rayleigh number , and Prandtl number . The results show that 
above parameters have strong influences on the patterns of streamline, isotherms, isoconcentration, average Nusselt 
number and average Sherwood number. Results show that a decrease in the angle of inclined glass cover with horizontal 
coordinate (  leads to increase average Nusselt number and average Sherwood number. For (N > 0), both average 

Nusselt number and average Sherwood number increase with increasing of buoyancy ratio and Rayleigh number. By 
contrast for (  these values decreases. Also, increasing of the buoyancy ratio for positive (N > 0), at the same 

Rayleigh number enhance the heat and mass transfer rate. A comparison is made with the previous numerical results 
and it found to be reveal a good agreement.  

 
Keywords: double diffusion, heat and mass transfer, laminar natural convection, solar collector.  
 
 
1. Introduction 

 
A double diffusive Natural convection in solar 

collector of various forms occupies a large portion 
of heat transfer literature. A few numbers of 
studies have considered the triangular geometry, 
which is encountered in several practical 
engineering applications, such as water 
desalination plants. Hitesh N Panchal, etc., [1] 
studied effect of varying glass cover thickness on 
performance of solar still: in a winter climate 
conditions. Six-month-study showed that, lower 
glass cover thickness increases the distillate water 

output, water temperature, evaporative heat 
transfer coefficient, convective heat transfer 
coefficient as well as efficiency of solar still. 
Hiroshi Tanaka, [2] investigated a theoretical 
analysis of basin type solar still with flat plate 
external reflector. Narjes Setoodeh, etc., [3] 
reviewed the Modeling and determination of heat 
transfer coefficient in a basin solar still using 
CFD. The simulation results were compared with 
the available experimental data of basin solar still. 
M.M. Rahman, etc. [4] presented a double 
diffusive natural convection in triangular solar 
collector. The study deals with natural convection 
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flow resulting from the combined buoyancy 
effects of thermal and mass diffusion inside a 
triangular shaped solar collector. Mohamed A. 
Teamah, [5] researched numerically a Double-
diffusive convective flow in a rectangular 
enclosure with the upper and lower surfaces being 
insulated and impermeable. Constant temperatures 
and concentration are imposed along the left and 
right walls of the enclosure. In addition, a uniform 
magnetic field is applied in a horizontal direction. 
Laminar regime is considered under steady state 
condition. Ching-Yang Cheng, [6] employed the 
double diffusive natural convection near an 
inclined wavy surface in a fluid saturated porous 
medium with constant wall temperature and 
concentration. Effects of angle of inclination, 
Lewis number, buoyancy ratio, and wavy 
geometry on the heat and mass transfer 
characteristics are studied. The same author [7] 
analyzed the coupled heat and mass transfer by 
natural convection near a vertical wavy surface in 
a non-Newtonian fluid saturated porous medium 
with thermal and mass stratification. The surface 
of the vertical wavy plate is kept at constant wall 
temperature and concentration. The total heat 
transfer rate and the total mass transfer rate of 
vertical wavy surfaces are higher than those of the 
corresponding smooth surfaces. Yasin Varol, etc., 
[8] performed that steady-state free convection 
heat transfer in a right-angle triangular enclosure, 
whose vertical wall insulated and inclined and 
bottom walls are differentially heated. The 
governing equations are obtained using Darcy 
model. The governing equations were solved by 
finite difference method and solution of algebraic 
equations was made via Successive under 
Relaxation method. Ali J. Chamkha, etc., [9] 
scrutinized hydromagnetic double diffusive 
convection in a rectangular enclosure with 
opposing temperature and concentration gradients. 
Constant temperatures and concentrations are 
imposed along the left and right walls of the 
enclosure and a uniform magnetic field is applied 
in the x-direction. the thermal and compositional 
buoyancy forces are assumed to be opposite. E. 
Fuad Kent, etc., [10] examined numerically 
natural convection in nonrectangular enclosures. 
Streamlines and isotherms are presented for 
different triangular enclosures with different 
boundary conditions and Rayleigh numbers. Mean 
Nusselt numbers on hot walls are also calculated 
in order to make comparisons between different 
cases. E. F. Kent, [11] explored the numerical 
analysis of laminar natural convection in isosceles 
triangular enclosures for two different thermal 
boundary conditions. In case 1, the base is heated 

and the two inclined walls are symmetrically 
cooled, and in case 2, the base is cooled and the 
two top inclined walls are symmetrically heated. 
Base angles varying from 15 to 75◦have been used 
for different Rayleigh numbers ranging from 103 
to 105. Yoshio Masuda, etc., [12] showed 
analytically and numerically a Double-diffusive 
natural convection in a rectangular fluid-saturated 
porous Medium. The analysis reveals that there is 
a range of buoyancy ratios N in which one obtains 
two types of solutions or oscillating convection. In 
the case of 0.4 < N < 1.0, there exist two 
analytical solutions when Rc = 100 and Le = 30. 
In that case, two solutions, temperature-dominated 
and concentration-dominated solutions, are 
calculated when the aspect ratio is small. 
 
 
2. Mathematical Formulation  
  

The schematic of the system under 
consideration is shown in Fig (1). The salty water 
on the bottom side (TH) of the glazing enclosure is 
vaporized from the liquid–vapor interface. The 
vapor moves through the air and condenses at the 
cooled side walls (TL). The vertical wall is 
assumed to be adiabatic and impermeable. The 
fluid is assumed to be incompressible, Newtonian, 
absorbing , viscous, and two dimensional at 
steady state conditions. According to the above 
assumptions, these equations can be written in 
dimensional form as 
 

Continuity equation 

                                                     …(1) 

X- momentum equation 

               …(2) 

Y- momentum equation 

  

                                                                                …(3)     
Energy equation 

                              …(4)   

Concentration equation 

                               …(5)  

 



 Jasim M. Mahdi                                 Al-Khwarizmi Engineering Journal, Vol. 9, No. 4, P.P. 65- 82 (2013) 
 

67 
 

The boussinesq approximation for the 
buoyancy term in the momentum equations have 
been employed,  
[  [13]. The use 

of vorticity–stream function formulation can 
eliminate pressure gradient terms from 
momentum equations and simplify the solution 
procedure. With the stream function, the velocity 
components u and v and vorticity can be 
expressed as 

 
And then introducing the following dimensionless 
groups for the governing equations, 

with  with 

 the governing equations in terms of 

vorticity-stream function form become: 

Stream function equation 

                                                           …(6)   

Vorticity equation 

 …(7)   

Energy equation 

                                             …(8)   

Concentration equation 

                                  …(9)  
 where U and V in equations (8-9) is as follow:                         

   …(10) 

The dimensionless parameters appearing in 
equations (6 – 9) are the Prandtl number 

, α/D, the thermal Rayleigh 
number , the 

compositional Rayleigh  
number , and 

. The appropriate 

boundary conditions in dimensionless form can be 
formulated as: 

1. At the inclined surface (glass cover) 

 

2. At the bottom surface (absorber) 

 

3. At the vertical wall (adiabatic wall) 

 

The local heat transfer rates on the surface of heat 
source and local mass transfer on the surface of 
pollutant source are defined respectively as 

  

and                           …(11) 

 
The average Nusselt and Sherwood numbers 
represents the average heat and mass transfer rates 
on the surface of heat and pollutant sources [4], 
which are defined respectively as 

                                    …(12) 

                                     …(13) 
 
 
3. Numerical Technique 
 

The central difference scheme used to 
discretize the system of partial differential 
equations (6-10) via a finite difference method 
(FDM). Iterative under relaxation method (URM) 
used to solve the system of new algebraic 
equations to give  approximate values of the 
dependent variables at a number of discrete points 
called (nodes) in the computational domain. the 
computational domain is subdividing in the X and 
Y directions with vertical and horizontal 
uniformly spaced grid lines to form these nodes. 
Fig (1) grid of 101 × 101 nodes is adopted 
typically in this study. However, to ensure the 
accuracy and validity of the numerical schemes, 
Five grid systems, 61×61, 81×81, 101×101, 
121×121, and 151×151 are tested. Results show 
the average Nusselt number prediction for 
101×101 grid points nearly correspond to that 
obtained from other grid points, the maximum 
relative error (% є) obtained through the five grid 
systems is no more than 2% as shown in Table 
(1). The accuracy of the numerical code was 
assessed by applying it to a case studied by  E. 
Fuad Kent, etc. [10], who considered a right 
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triangular enclosure similar to that being 
considered in this paper, the results in form of 
streamlines and isothermals contours for 
( , and different Rayleigh numbers (103-

105) compared and excellent agreement was 
observed, Figures (2-3) respectively. The 

convergence criteria employed to terminate the 
computations and reach the solution were 
reassigned as (Ψζ - Ψζ-1)/Ψζ ≤ 10-6, (θζ - θζ-1)/θζ ≤ 
10-6, (Cζ - Cζ-1)/Cζ ≤ 10-6, and (Ωζ - Ωζ-1)/ Ωζ ≤ 10-

6, the indices ζ and ζ −1 represent the current and 
previous iteration, respectively. 

 
Table 1, 
Grid Independence Study Results for Average Nusselt Number at (Br=0, α = 45°). 

Size 61×61 81×81 101×101 121×121 151×151 % є 

Ra = 103 4.947 4.994 5.197 5.230 5.244 0.9 

Ra = 104 4.997 5.392 5.486 5.588 5.572 1.85 

Ra = 105 6.993 7.124 7.211 7.301 7.350 1.92 

 

 

 

        

Fig.1 . A Schematic of the Geometry and Grid. 
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Fig. 2. Comparison of Streamlines Inside the Right Triangular Enclosure for Rayleigh Numbers 103,104 and 105, 
Respectively Between (a) Kent (b) Present Study. 
 

 
Fig. 3. Comparison of Isotherms Inside the Right Triangular Enclosure for Rayleigh Numbers 103,104 and 105, 
Respectively Between (a) Kent (b) Present Study. 
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Fig. 4. Effect of Buoyancy Ratio on Streamlines at Le=2, and  for (a) Ra=103, (b) Ra=104, and (c) 
Ra=105.  
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Fig. 5. Effect of Buoyancy Ratio on Isotherms Le=2, and  for (a) Ra=103, (b) Ra=104, and (c) Ra=105. 
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Fig. 6. Effect of Buoyancy ratio on Isoconcentration at Le=2, for (a) Ra=103, (b) Ra=104, and (c) 
Ra=105.  
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Fig. 7. Effect of Buoyancy Ratio on Streamlines at Le=2, and for (a) Ra=103, (b) Ra=104, and (c) 
Ra=105.  
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Fig. 8. Effect of Buoyancy Ratio on Isotherms at Le=2, and  for (a) Ra=103, (b) Ra=104, and (c) Ra=105.  
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Fig. 9. Effect of Buoyancy Ratio on Isoconcentration at Le=2, and  for (a) Ra=103, (b) Ra=104, and (c) 
Ra=105.  
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Fig. 10. Effect of Buoyancy Ratio on Streamlines at Le=2, and  for (a) Ra=103, (b) Ra=104, and (c) 
Ra=105.  
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Fig. 11 .Effect of Buoyancy Ratio on Isotherms at Le=2, and  for (a) Ra=103, (b) Ra=104, and 
(c) Ra=105. 
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Fig. 12. Effect of Buoyancy Ratio on Isoconcentration at Le=2, and  for (a) Ra=103, (b) Ra=104, 
and (c) Ra=105. 
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Fig. 13. Effect of Buoyancy Ratio at Different (Ra) and Different ( ), on Average Nusselt Number.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
 

 
Fig. 14. Effect of Buoyancy Ratio at Different (Ra) and Different ( ), on Average Sherwood Number. 
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4. Results and Discussion 
 
Numerical analysis of double diffusive laminar 

natural convection in a right triangular solar 
collector has been made in current work for 
different Rayleigh numbers Ra (103-105), 
Buoyancy ratio N (-1 - 5), and angle of inclined 
glass cover with horizontal coordinate (300-600) 
via finite difference technique. The working fluid 
inside the cavity was the air, with Pr=0.71, and 
the Lewis number was held fixed through this 
investigation at (Le = 2). The numerical results in 
form of the streamlines, isotherms, 
isoconcentration, average Nusselt, and average 
Sherwood number numbers for various values of 
the parameters governing the heat transfer and 
fluid flow will be presented and discussed. 
Indeed, for ( The thermal buoyancy 

force due to the heat transfer and thermal 
expansion, (which acts to the upward direction) 
opposes the buoyancy force due to the mass 
transfer, (which acts to the downward direction). 
As a result,  there is a very weak flow due to 
competition between two forces. The fluid moves 
downward from the upper summit and the flow 
transforms on one small cell turning from the 
center to the cold sides brushing against the 
bottom vicinities. For positive buoyancy ratios (N 
> 0), the heated flow moves from bottom wall and 
impinges to the inclined wall and one cell formed 
in clockwise direction. Figures (4,7,10) illustrates 
the effect of buoyancy ratios on streamlines at 
different (Ra) and different . As Rayleigh 

numbers or buoyancy ratios increases, the rotating 
cell occupies more space inside the cavity, 
indicating that the convection currents become 
more effective and that heat transfer by 
convection become more predominate. The 
maximum stream function value is obtained for 

, Ra=105, and ( ). Fig (5,8,11) 
illustrates the isotherms contours at different 
Rayleigh numbers and different buoyancy ratios. 
One can observe that the patterns of the isotherms 
contours are related to the buoyancy ratio values 
and Rayleigh numbers. Obviously, the convection 
effects are more effective at the positive buoyancy 
ratios. It should also be noted that when the 
buoyancy ratios or Rayleigh numbers increases, 
the temperature field develops quickly. In 
comparison, for negative buoyancy ratios values, 
one can observe a kind of stratification indicating 
the conductive regime domination. 
Isoconcentration contours at different Rayleigh 
numbers and different buoyancy ratios are 
illustrates in Figures (6,9,12). Distribution of 

isoconcentration contours reveal a similar 
distribution with distribution of isotherm contours. 
Both Rayleigh numbers and buoyancy ratio have a 
strong influence on the streamlines patterns, 
isotherms, isoconcentration, and enhance the flow 
strength. Figures (13,14) illustrates the effect of 
increase in Rayleigh numbers and angle of 
inclined glass cover with horizontal coordinate at 
different buoyancy ratios on the average Nusselt 
number and average Sherwood number, 
respectively. For negative buoyancy ratios the 
values for average Nusselt number and average 
Sherwood number decreases. By contrast, for 
positive buoyancy ratios , the values for average 
Nusselt number and average Sherwood number 
increases when the Rayleigh numbers and 
buoyancy ratios increases.  
 
 
5. Conclusions 

 
The results of the present study lead to the 

following conclusions: 

• The results show that both Rayleigh number 
and buoyancy ratio have a strong effect on the 
streamline patterns, isotherms, and 
isoconcentration.  

• Results show that a decrease in the angle of 
inclined glass cover with horizontal 
coordinate (  leads to increase average 

Nusselt number and average Sherwood 
number. 

• For (N > 0), both average Nusselt number and 
average Sherwood number increase with 
increasing of buoyancy ratio and Rayleigh 
number. By contrast for (  these values 

decreases. Also, increasing of the buoyancy 
ratio for positive values (N > 0), at the same 
Rayleigh number enhance the heat and mass 
transfer rate. 
 
  

Nomenclature 
 
H Solar collector height (m) 
L Solar collector length (m) 
N Buoyancy ratio 
c Dimensional species concentration 
C Dimensionless species concentration 
D Species diffusivity (m2 kg-2 s-1) 
g Gravitational acceleration (m s-2) 
Le Lewis number 
Nu Average Nusselt number 
p Dimensional pressure 
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P Dimensionless pressure 
Pr Prandtl number 
Ra Rayleigh number 
Sh Average Sherwood number 
T Wall temperature (K) 
u, v Dimensional velocity components (m s-1) 
U, V Dimensionless velocity components 
x, y Dimensional coordinates (m) 
X, Y Dimensionless  coordinates 
 
Greek symbols 
 
 Thermal diffusivity (m2 s-1) 

 Expansion coefficient (K-1) 

 kinematic viscosity (m2 s-1) 

 Dimensionless temperature 

 Density (kg m-3) 

 Dimensional vorticity 

 Dimensionless vorticity 

 Dimensional stream function 
Ψ Dimensionless stream-function 
∆ Laplacian in Cartesian coordinates 

 Angle of inclined glass cover with 
 horizontal coordinate 
 
Superscripts 
 
ζ Current iteration number 
ζ-1 Previous iteration number 
 
Subscripts 
 
h High 

 Low 
H Hot 
L Cold 
T Thermal 
T C 

 Fluid at the bottom surfaces 
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1" ا.*,9ر 8"  647 �45"  2�3 ��1 ا�0او'/��: "�و�/� 8ُ/)ضَ :(/ت در!/� ا�;/)ارة وا�,)��/0 �-/> . 'ُ?�م ا�(;2 ا�;�" درا�� =�د'� ��;4> ا�;) ا��(

"!4 ا�7/�ار ا��4/%دي اُ=,(/َ)  �/0ول J)ار'/ٌ وG  .H ار�F� ا�6474 وا��?E ا�0!���ذ/N* (/� .%/Nه �/%ى ا��/7Qد ا/RQد و/;Qا �درا�/ �/Q �/�د.ت .  وا�4�/
�� ا��وا ���S� T�3 ُ �4� إ�U V%رة  دا��- ا�;��'%;Q �Q ن و�(� و  . ���'�ا�7)'�  �Q ��ء/Z[�/�%ب ا]ر� ً ا�,&�ام ط)'?� ا�N)و�ت ا�4;�دة  Qُ;/> =/�د'

.`Q a ا�4*(� G4F صZ "�%�J a *(� �H�U �Qو�ه ا��را�c8" ھ "F��Z <-/9/%ط ا��/)'ن و�Z/%ط . ب �,�c�N وJ> ا��4%ذج ا�)' a1�?� ُ T/�3 ا��,/
e�%,4و�5)وود ا� T��* ��ت ا�,)��0 ورت ا�;)ارة و�Z%ط :():  ، G/  %/Nا�� "Q%/� G�/�ء ا�0!/!" ) ٥ا�/V  ١-( و ��4ىً وا�6 ����(� /��وزاو'/�  �/> ا�

 G  )٦٠ - ٣٠  �( و ) در!k'%� ��٢=  ر ( G  ا*,> ( و )  ١٠٥ - ١٠٣(  ور�� را'�" ا�;)اري(�و�Q درا�/� Q/[:�) ا���/(� �/�Q%/� G" ا��N/% ). ٠,٧١= ر�� 
 دور�� را'�/" ا�;/)اري وزاو'/�  �/> ا��Z V/�= 6/474/%ط ا��/)'ن و�Z/%ط :(/ت ا�;/)ارة و�Z/%ط :(/ت ا�,)��/0 و=�/G/  </� V ر�/� *�/�T ور�/� 5/�)وو

e�%,4ر�/. ا� o�c/ت ا�,)��/0 و�9-�> *4ذج �Z%ط ا��)'ن و�Z%ط :(ت ا�;/)ارة و�Z/%ط :(/Q V�= ي%� (�:]Q �[ن ا��%ا > ا=`ه �� a1� و�� أظ�)ت ا��,
e�%,4ور�� �5)وود ا� T��* .6/474ا� </�  ن زوا'S?* ��= e�%,4ور�� �5)وود ا� e�%,4ا� T��* ��دة 8" ر8� . اظ�)ت ا��,a1 ز'/Fأ o/ذ� V/دة  ،ا�/'0�

%Nا�� �)�*(N > 0)  %/Nا�� r��� k-���و�/o�c ان ا�0'/دة r/�* "/8 . )ور�� را'�" ا�;)اري '0داد ر�� *��T ا�e�%,4 ور�� �5)وود ا�e�%,4 و

 %Nى ا��%�(N > 0) ��,-ل ا�;)ارة وا��?� و�/� اظ�/)ت ا��,/Q a1%اs/8 !�/�  و�� �Q ا�4?ر*�  6 *,a1. و�)�� را'�" J)اري واG�;ُ' �J  ��ل ا*,?ا�;%ث ا��/
ث ا�9�4%رة;�  . 6 ا.

 


