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Abstract 

Numerical study has been conducted to investigate natural convection heat 

transfer in a square porous cavity with partial active vertical walls.  The left vertical 

side wall is partially heated and the right side wall is partially cooled.  Depending on the 

positions of the hot and cold parts, nine cases have been considered in this investigation. 

Flow and heat transfer characteristics for all cases have been studied for range of 

Rayleigh number 50 ≤ Ram ≤ 500.  The governing equations are solved numerically 

with aid of the finite difference technique and Gauss – Siedel method.  Numerical 

results showed that there are significant changes in the flow and temperature fields and 

the rate of heat transfer due to the change of the positions of hot-cold parts.  Also, they 

showed that the maximum heat transfer occurs for the Lower-Upper arrangement, 

while the minimum heat transfer occurs for the Upper-Lower arrangement. A 

correlation between Nu  and Ram proposed for each one of the nine cases. 
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ٍِ  اَخقال  انحزارِة فٍ حُش يظايٍ يزبِع بخظخٍُ وحبزَذ جشئ

 نهجذراٌ انعًىدَِت انًعاكظتِ  

 

 يُظز إدرَض إطًاعُم
 يذرص يظاعذ

 قظى انهُذطت انًُكاَُكُت / جايعت انًىصم

 

 انخالصت

يظايٍ حُذ َكىٌ  اَخقال انحزارة بانحًم انطبُعٍ فٍ حُش يزبع يًهىء بىطط عذدَت نخحزٌدراطت  أجزَج

يبزد جشئُا. حى حم انًعادالث انحاكًت عذدَا  األًٍَيظخٍ جشئُا بًُُا انجذار انعًىدٌ  نهحُش األَظزانجذار انعًىدٌ 

خصائص انجزَاٌ و اَخقال انحزارة نخظع حاالث) حظب  جطاَذل. درط -كاوص تباطخخذاو حقُُت انفزوق انًحذدة وطزَق

انذراطت انعذدَت باٌ هُانك  أوضحج.  Ram ≤ 500  ≥ 50  انًطىرٍ ( نًذي عذد رانٍ يىاقع انخظخٍُ و انخبزَذ انجشئ

 األجشاءبًجال انجزَاٌ ويجال حىسَع درجت انحزارة وكذنك يعذل اَخقال انحزارة اعخًادا عهً يىاقع  يهحىظحغُز 

 األَظزانجذار  أطفمشء انظاخٍ اَخقال نهحزارة َحذد عُذيا َكىٌ انج أقصًبُُج انُخائج باٌ كًا  وانًبزدة. تانًظخُ

 األَظزانجذار  أعهًعُذيا َكىٌ انجشء انظاخٍ  نهحزارةاَخقال  أدًَبًُُا َحذد  األًٍَانجذار  أعهًوانجشء انبارد َكىٌ 

 .انخظع  االثنكم حانت يٍ انح   Ramو  Nuاقخزحج يعادنت ارحباط بٍُ  . وقذاألًٍَانجذار  أطفمانبارد َكىٌ  و انجشء

 

Received: 29 – 6 - 2010                                                   Accepted: 29 – 11 - 2010 

 



Al-Rafidain Engineering                          Vol.19             No.5                  October   2011  

 

701 

 

NOMENCLATURE 

Darcy number = K / L
2 

= Da 

Acceleration due to gravity, (m/s
2
) = g 

Effective thermal conductivity of the porous medium, 

(W/m.K) 

= k 

Permeability of porous medium, (m
2
) = K 

Length of porous cavity, (m) = L 

Mean Nusselt number = Q / Qcond,0 = Nu  

Heat flow rate, (W) = Q 

Conduction heat flow rate, (W) = Qcond 

Rayleigh number = ρogβL
3
ΔT / (μα) = RaL 

Modified Rayleigh number = Ra . Da = Ram 

Temperature, (K) = T  

Temperature difference = CH TT  , (K) = T  

Cartesian coordinates = y,x  

 
Greek Symbols 

 

 = Thermal coefficient of volumetric expansion, (K
-1

) 

 = Dynamic viscosity, (kg/m.s) 

 = Density, (kg/m
3
) 

  = Stream function, (m
2
/s) 

 

Subscript 

 

C = Cold wall 

H = Hot wall 

o =  Reference point 
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Introduction 

The importance of natural convection heat transfer in porous media stems from the 

fact that it has so many applications in engineering and practice such as geothermal energy, 

energy systems storage, compact heat exchangers, buildings insulation, solar collectors, 

nuclear engineering and cooling of radioactive waste containers, etc.. [1,2]. 

 

During the past decades, many researches have been done for natural convection 

heat transfer in a rectangular or square enclosure filled with a fluid saturated porous medium 

differentially heated from the vertical walls while the horizontal walls are insulated.  Bejan 

and Poulkakos in 1984 [3] described the heat transfer and fluid flow through a confined 

porous layer heated and cold along one of the vertical side walls.  They studied two cases: the 

first case is when the heating-side effect is positioned above the cooling-side effect.  They 

showed that natural circulation is either one of the incomplete vertical penetration, or one of 

incomplete horizontal penetration.  The second case is when the heated portion of the side 

wall is located below the cooled portion.  In this case the flow spreads throughout the porous 

medium.  Lai and Kulacki in 1988 [1] studied numerically the natural convection in a two-

dimensional layered porous cavity heated from the side wall.  They emphasized on the effects 

caused by the sub-layer thickness ratio, permeability contrast and non-uniform conductivity 

in a system comprising two layers.  A wide range of these parameters have been covered in 

their calculation.  It has been observed that the heat transfer and fluid flow are affected with 

these parameters.  Varol et. al. in 2008 [2] performed an estimation of thermal and flow field 

due to  convection using SVM (support vector machines, a soft programming techniques) in 

porous cavity with discrete heat sources.  They used three isothermal heaters to heat the left 

vertical wall, while the right vertical wall is kept at a lower temperature.  They observed that 

SVM was a useful technique in estimating streamlines and isotherms.  Varol et. al. in 2009 

[4] conducted numerical study to investigate the steady free convection flow in a two-

dimensional right-angle trapezoidal enclosure filled with a fluid saturated porous medium.  In 

their study, the left vertical wall of the cavity was heated, the inclined wall was partially 

cooled  and the remaining walls were insulated.  Three different locations of the cooler were 

investigated.  The effect of modified Rayleigh number and aspect Ratio on heat transfer and 

fluid flow are also presented.  It is noticed that there exist significant changes in the flow and 

temperature fields as compared with those of a differentially heated square porous cavity.  

 

In the case of no-porous media, Fredrick et. al. in 1989 [5] numerically investigated 

the natural convection of air in a square cavities with half-active and half-insulated vertical 

walls for different values of Rayleigh number.  Aydin and Yang in 2000 [6] numerically 

investigated the natural convection of air in a two-dimensional, rectangular enclosure with 

localized heating from below and symmetrical cooling from the sides.  Erbay L.B. et. al. in 

2004 [7] numerically investigated the entropy generation in a square enclosure with partial 

heating, from a vertical lateral walls.  Nithyadevi et. al. in  2007 [8] performed numerical 

investigation of the effect of the aspect ratio on the natural convection of a fluid contained in 

a rectangular cavity with partially thermally active side walls.  Koca et. al. in 2007 [9] 

numerically analyzed the effect of Prandtl number on natural convection heat transfer and 

fluid flow in triangular enclosures with localized heating.  Oztop et. al. in 2008 [10] carried 

out a numerical study on heat transfer and fluid flow due to buoyancy forces in a partially 

heated enclosure using nanofluids.   
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To the best Knowledge of the author, there is no study on the effect of partially 

thermally active side walls in a rectangular cavity containing porous media.  Thus, the 

objective of the present study is to document the heat transfer effect with the presence of 

partial heating and cooling on the sides of enclosure containing porous media. 

 

Physical Modeling 
The physical situation of the problem under study with the coordinate system and 

boundary conditions is depicted in Figure (1), it represent one of the nine cases under study.  

It is a two-dimensional square cavity of length (L) filled with fluid saturated porous media.  

The left-hand side wall is partially heated and maintained at uniform temperature ( HT  ), 

while the right-hand side is partially cooled and maintained at uniform temperature ( CT  ).  

The reminder parts of walls are insulated.  The length of the active parts is half the length of 

corresponding wall (L/2).  The position of the hot part is changed from top to bottom (top, 

Centre, and bottom), while the cold part is changed from bottom to top (bottom, Centre, and 

top).  Depending on the location of the hot-cold parts, nine situations are studied in this 

investigation.  
 

 

 

                                          

 

  

 

 

 

 

Figure (1)  Physical situation of the problem. It represents one of nine cases under study, 

Upper-Lower active walls. 

(The hot portion on the upper left side – The cold portion on the lower right side) 

 

Equations 
 

In this investigation, some assumptions were made to write governing equations 

such as that the porous matrix is rigid and isotropic in thermal conductivity, the porosity and 

permeability of the homogeneous porous medium are uniform, the fluid is assumed as 

Newtonian, incompressible and the flow is laminar.  The fluid and solid properties are also 

constant except the density of fluid which changes with the temperature that is Boussinesq 

approximation applied.  Finally, it is assumed that the fluid and porous medium are in 

thermal equilibrium and the fluid motion is described by Darcy's law. 

 

Porous 

Medium 

CT  

HT  

L 

g 

Insulated 
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According to the above descriptions and assumptions of the problem, the governing 

equations in terms of the stream function  and T temperature for two-dimension and 

steady state condition are [1]:  
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With the non-dimensional variables defined below: 

L

y,x
y,x     ,      

L

v,u
v,u     ,   

m


     and    

CH

C

TT

TT
T
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Equations (1) and (2) can be written in non-dimensional form as follow: 
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Where 





k

LTgK
Ra o

m   is the modified Rayleigh number. 

The non-dimensional boundary conditions for the considered model are: 

 

0   on all solid boundaries                                 

0
n

T





  on the adiabatic wall                         

1T    on the hot wall                                                       

0T    on the hot wall                                             

 

The average Nusselt number is calculated on the hot and cold walls as follows: 

  


 dx

y

T
Nu                                                                                                        (7) 

 

Numerical Solution 
 

A FORTRAN computer program utilizing finite difference method is used to solve 

numerically the non-dimensional governing equations (equations (3) and (4)) with the 

boundary conditions (equation (6)).  The region of interest was covered with m vertical and n 

horizontal uniformly spaced grid lines.  An iterative process is employed to find the stream 

function and temperature fields.  The process is repeated until the following convergence 

criterion is satisfied  
4

ijij 10TTN


     

(6) 
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The Nusselt number ( Nu ) values calculated at different grid sizes. It is noticed that 

the difference in ( Nu ) values between grid size (71 x 71) and  

(81 x 81) is approximately less than (0.55 %) for all cases at Ram = 500.  Another test is made 

to check the rate of heat transfer at the active walls.  It is found that, in some cases, there is an 

unacceptable difference between them.  For these cases, a grid size (251 x 251) has been used 

to reduce the difference less than 1.9 %. 

To check the validity of the present computer program, it is run with conditions 

similar to that of previous work.  Tables (1 and 2) list a comparison with the previous work. 

The results show good agreement.  Depending upon this comparison, the present code is valid 

to study the present problem. 

 

Table (1)  Comparison of the mean Nusselt number at Ram = 1000 [12]. 
 

Paper Nu  

 

Bejan  

 

15.800 

Baytas and Pop  14.060 

Said and Pop  13.726 

Varol et  al.  13.564 

Present work 14.55 

 

Table (2)  Comparison of the mean Nusselt number. 

 

Ram 
Nu  

Chan [13]
 

Bejan [14] Bejan and Tien [15] Present work 

50 2.1 1.897 2.12 2.014 

100 3.54 3.433 3.25 3.257 

 

Results and discussion 
This investigation is performed to study numerically the steady state laminar natural 

convection heat transfer in a square porous cavity with different locations of partial thermally 

active vertical walls and modified Rayleigh numbers (50 – 500).  

 

  The flow field and isotherms for the case of Upper – Lower thermally active location 

with different values of Rayleigh number (Ram) are shown in Figure (2).  It is clear that, for 

Ram = 50, a single cellular stream function configuration with (Ψmax = - 1.4) is obtained and 

the temperature distribution lines near the vertical sides are almost parallel to active part 

because of the domination convection mode.  It is very clear from the absolute values of 

stream function as demonstrated in Figure (2) ,the increasing of Rayleigh number lead to the 

increase in the strength of convection mode ( e.g. Ψmax = - 4.14 at Ram = 500 ) as a result of 

increasing the buoyancy force.  Also, a trend to form a two flow cell is noticed with 

increasing Rayleigh number.  The centre of each cell shifted toward the adjacent thermally 

active portion.  On the other hand, the temperature distribution is modified to be parallel to 

the horizontal wall at the Centre of the cavity. Changing the location of the hot portion affects 

the configuration of the isograms.  Figure (3) represents the streamlines and isotherms for the 

case of Central – Lower thermally active location.  It is obvious that the formation of two 
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flow cells needs higher values of Raleigh number in comparison with that for the Upper – 

Lower thermally active location.  Furthermore, the temperature distribution covers about 3/4 

of the cavity at high Rayleigh number.  In contrast, the flow filed for the case of lower – 

Lower thermally active location, Figure (4), is a one cell and the temperature distribution 

occupies the lower half of the cavity. 

When the cold  portion is held fixed at the centre of the right wall and the hot 

portion on the left side and its position to changed from top to bottom, different isograms is 

obtained .  Figure (5 - 7) shows the streamlines and isotherm for the three combinations at 

Rayleigh numbers 400 and 500. 

 

Figure (2)  Effect of Rayleigh number for the case (Upper – Lower). 

(The hot portion on the upper left side – The cold portion on the lower right side) 

 

 

Ram = 50 

Ram = 100 

Ram = 200 

Ram = 400 

Ram = 500 
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Figure (3) Effect of Rayleigh number for the case  ( Central – Lower ). 

(The hot portion at the Centre of left side – The cold portion on the lower right side) 

Ram = 100 

Ram = 50 

Ram = 200 

Ram = 400 

Ram = 500 
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Figure (4) Effect of Rayleigh number for the case  ( Lower – Lower ). 

 (The hot portion on the lower left side – The cold portion on the lower right side) 

 

Figure (5) shows the case of Upper – Central thermally active location. It is clear 

that the strength of convection increases with increasing the modified Rayleigh number, e.g. 

Ψmax = - 5.74   and Ψmax = - 6.46 at Ram = 400 and 500 respectively.  In addition, the 

temperature distribution and flow filed occupies the upper part of the cavity.  Furthermore, 

there is a chance for the flow to form two cells and the centre of each cell will be directed 

toward the nearest active portion. 

Ram = 100 

Ram = 500 

Ram = 50 

Ram = 200 

Ram = 400 
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On the other hand, the case of Central – Central thermally active location in Figure 

(6) shows a single flow cell occupying the whole cavity and the flow tries to be divided into 

two cells as shown. 

The case of Lower – Central thermally active location in Figure (7) shows also a 

single flow cell with the centre going to the hot active portion. Here, the flow is stressed at 

the lower part of the cavity. 

The final case is represented in Figure (8) for Rayleigh number 500.  In this case, 

the cold portion on the right wall is located at the upper half of the wall and the hot portion on 

the left wall is moved from top to bottom.  Figure (8 – a and b) illustrates the cases of Upper 

– Upper and Central – Upper thermally active location which are the mirror image of the 

cases of Lower – Lower and Lower – Central thermally active location respectively. Figure 

(8 - c) depicted the case of Lower – Upper thermally active location.  The flow filed is 

comprised of one cell and cover the whole cavity. 

 

 

 

 

 

 

 

 

Figure (5)  Effect of Rayleigh number for the case (Upper – Central). 

 

 
 

Figure (6) Effect of Rayleigh number for the case (Central – Central). 

 

Ram = 400 

Ram = 500 

Ram = 400 

Ram = 500 
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Figure (7) Effect of Rayleigh number for the case  ( Lower – Central ). 

 

 

 

 

 

Figure (8) isotherm and streamlines for different cases : (a) Upper - Upper , (b) Central - 

Upper , and (c) Lower – Upper thermally active locations. 

 

Ram = 400 

Ram = 500 

(a) 

(b) 

(c) 
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Figure (9) shows the variation of the rate of heat transfer represented by average 

Nusselt number ( Nu ) with variation of Rayleigh number (Ram) for different cases.  The case 

of changing the hot portion from up to down on the left wall with fixing the position of the 

cold portion at the lower part of the right wall is illustrated in Figure (9 -a).  It is clear that the 

average Nusselt number ( Nu ) increases with increasing the Rayleigh number.  Furthermore, 

changing the position of the hot portion leads to changing the values of Nusselt number.  For 

a given value of Rayleigh number, Ram = 300, Nusselt number has a minimum value for the 

case Upper – Lower thermally active location and a maximum value for the case Lower – 

Lower thermally active location. The same behavior occurs for the rest of the cases as shown 

in Figure (9 - b and c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (9)  Variation of Nusselt number with Rayleigh number for all cases  

under study.  
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Figure (10) depicted the variation of average Nusselt number ( Nu ) with Rayleigh 

number (Ram) for the case of lower heating and the cold portion changed from up to down.  

The maximum rate of heat transfer takes place when the arrangement is Lower – Upper 

thermally location because the convection mode is very strong.  On the other hand, the 

variation of average Nusselt number ( Nu ) with Rayleigh number (Ram) for the case of upper 

heating and the cold portion changed from up to down is shown in Figure (11).  It is obvious 

that the minimum rate of heat transfer takes place when the arrangement is Upper – Lower 

thermally active location.  Table (3) shows a summary of the results for all cases under study. 

 

 

 
 

Figure (10)  Variation of Nusselt number( Nu ) with Rayleigh number (Ram) for     

                    the case of lower heating on the left side wall with different positions of cooling 

on the right side wall. 

 

 
 

Figure (11)  Variation of Nusselt number( Nu ) with Rayleigh number (Ram) for    

                   the case of upper heating on the left side wall with different positions of cooling 

on the right side wall. 

 

A relationship correlating the rate of heat transfer ( Nu ) and Rayleigh number (Ram) 

is represented by the following equation : 

 
b

m )Ra(aNu                                                                                                           ( 8 ) 

 

where  a  and  b  are constants listed in Table(4). 
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Table (3)  summary of the results for all cases under study. 

 Case  Nu  Notices 

Upper  - Lower 1.412 ≤  Nu  ≤ 3.383 Minimum  heat transfer 

Central - Lower 1.595 ≤  Nu  ≤ 5.451  

Lower - Lower 1.71 ≤  Nu  ≤ 7.573  

Upper - Central 1.588 ≤  Nu  ≤ 5.446  

Central - Central 1.84 ≤  Nu  ≤ 7.577  

Lower - Central 1.969 ≤  Nu  ≤ 9.438  

Upper - Upper 1.704 ≤  Nu  ≤ 7.544  

Central - Upper 1.968 ≤  Nu  ≤ 9.436  

Lower - Upper 2.097 ≤  Nu  ≤ 12.255 Maximum heat transfer 

Table (4)  Constants of equation (8) for all cases. 

Case Constants 

a b 

Upper - Lower 0.311 0.384 

Central - Lower 0.172 0.546 

Lower - Lower 0.128 0.654 

Upper - Central 0.185 0.542 

Central - Central 0.160 0.620 

Lower - Central 0.135 0.684 

Upper - Upper 0.127 0.654 

Central - Upper 0.134 0.685 

Lower - Upper 0.103 0.770 

 

Conclusions 
Numerical investigation is conducted to study the effect of partially heating – 

cooling on natural convection in a square cavity.  Effects of Rayleigh number and 

arrangements of hot – cold portion were chosen as governing parameters.  It was observed 

that: 

1. The arrangements of active portions play an important role on flow, temperature 

fields and heat transfer.   
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2. The highest heat transfer was obtained for the Lower – Upper arrangement. 

3. The lowest heat transfer was obtained for the Upper – Lower arrangement. 

4. Also, heat transfer increases with the increasing of Rayleigh number for all cases. 

5. The same behavior is noticed for a cavity containing fluid only.   
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