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Abstract  

A numerical study of three – dimensional, steady, laminar and incompressible natural 

convection of air (Pr=0.72) within a rectangular solar chimney is presented. Partial differential 

equations for conservation of mass, momentum and energy equations are solved by finite 

volume method with staggered grid arrangement. SIMPLE algorithm is applied to solve the set 

of discretization equations. The numerical results are compared with those of previous 

published work under the same conditions and gives a good agreement. The influence of 

changing in chimney dimension (thickness and height) and the inlet air temperature on the 

amount of induced flow rate is studied. From the presented results the optimal design for the 

chimney can be achieved.  

 

Keywords: CFD, natural convection, vertical duct, solar chimney, numerical analysis.  

 

Nomenclature  

A coefficient for the discretization equation 

f under relaxation factor.  

g gravitational acceleration (m/s2) 

L inducer height (m) 

P pressure  (N/m2) 

Q induced flow rate (m3/s) 

S source term for discretization equation. 

s channel width (m) 

T temperature (K) 

t inducer thickness (m) 

T  wall temperature difference.  

u velocity in x direction (m/s) 

v velocity in y direction (m/s) 

w velocity in z dirction (m/s) 

x   coordinate (m) 

y coordinate (m) 

z coordinate (m) 

 

Greek symbols 

  volumetric coefficient of thermal expansion (K-1) 

  dependent variable used in discretization equation.  

  diffusion coefficient used in discretization equation. 

  dynamic viscosity (kg/m s) 

  density of the fluid (kg/m3) 

x , y , z  grid space (m) 

  

SubscriptsC cold 

H hot 

in inlet of inducer 

nb neighboring grids; east, west, north, south, forward and backward
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1. Introduction 

   Natural convection heat transfer is an attractive 

heat transfer mechanism due to its reliability, 

simplicity, and cost effectiveness. In particular, 

natural convection in vertical channel is of interest 

in many applications, such as cooling of electronic 

equipments, heating of building via Trombe walls, 

and solar systems. [1] 

The heat transfer and natural convective flow in 

vertical open channel are induced due to the 

temperature difference between front and rear 

surface. The thermal design of a naturally ventilated 

device depends on geometric and operating 

conditions: shape, dimensions of the system, flow 

areas of the inlet/outlet openings, and the wall 

temperature difference.  We can take advantage of 

this fact in heating buildings by exploiting existing 

spaces in the aspects of the buildings and their 

exposure to the sun during the day, where the 

channel will be designed in the form of rectangular 

and open ends to knowledge of the behavior of flow 

and the amount of heat transmitted to the flow, the 

front face of the channel is the cold face either the 

back side shall be hot as shown in Figure (1). 

 

 
Fig. 1 Geometry and boundary conditions for the 

problem. 

 

The natural convection heat transfer in vertical open 

duct flows induced by the thermal buoyancy force 

has been studied extensively in the literature for 

different geometries. Lee and Yan [1] presented a 

numerical analysis to examine the characteristics of 

laminar natural convection in vertical channel with 

unheated entry and unheated exit. Naylor et al. [2] 

solved the problem of natural convection between 

isothermal vertical plates. They assumed the flow to 

be fully developed at the channel exit section and a 

non-trivial channel inlet flow condition. Numerical 

investigation on the transport mechanism of laminar 

natural convection motion of a Trombe-wall channel 

and turbulent combined convection between two 

vertical parallel plates that were uniformly heated 

were performed by Inagaki and Komori [3]. Fedorov 

and Viskanta [4] studied the induced flow and heat 

transfer in an asymmetrically heated, vertical 

parallel-plate channel. The thermal buoyancy force 

induced airflow in the channel. A low Reynolds 

number k–ε turbulent model was used in conjunction 

with heat transfer analysis. Higuera and Ryazantsev 

[5] presented an analysis of the laminar natural 

convection flow due to a localized heat source on the 

centerline of a long vertical channel or pipe whose 

walls are kept at a constant temperature. Stationary 

solutions are obtained for infinitely long and finite 

length channels. Habib et al. [6] presented the results 

of velocity measurements of natural convection in 

symmetrically and asymmetrically heated vertical 

channels.  Anwar [7] investigated the problem of 

buoyancy driven turbulent natural convection flow 

in a vertical channel numerically. The investigation 

is limited to vertical channels of uniform cross-

section (parallel-plate channels) but with different 

modes of heating. Ben-Mansour et al. [8] presented 

the results of a numerical investigation of turbulent 

natural convection flow and heat transfer in a vertical 

parallel-plate open channel using six different 

turbulence models and four different inlet boundary 

conditions. Tanda [9] investigated the effect of 

repeated horizontal protrusions on the free 

convection heat transfer in a vertical, asymmetrically 

heated, channel experimentally. Mokni [10] 

expressed a numerical investigation of mixed 

convection in a vertical heated channel. Salih [11] 

presented a numerical investigation to estimate the 

induced flow rate for a laminar natural convection 

flow of air in a vertical channel with isothermal walls 

conditions (one hot and another is cold). The two-

dimensional governing equations have been solved 

using finite volume method. 

As seen, studies on the natural convection heat 

transfer in vertical rectangular ducts exist in the open 

literature. This motivated the present study. 

Numerical analysis is performed to investigate the 

natural convection heat transfer in vertical 

rectangular solar chimney. The boundary conditions 

used are considered in a way that provides a real 

application of the solar chimney. A three–

dimensional, steady, laminar and incompressible 

natural convection of air (Pr = 0.72) within a 

chimney is studied numerically. Partial differential 

equations for conservation of mass, momentum and 

energy equations are solved by finite volume method 

with staggered grid arrangement. SIMPLE algorithm 

is applied to solve the set of discretization equations.  

 

2. Problem Formulations     
      A schematic of the physical situation to be 

investigated is a three-dimensional rectangular 

inducer which is shown in Figure 1. Each of the two-
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sided walls, right located at z = 0 and the left at z=s, 

are maintained isolated. Front vertical wall located 

at x=0 is a cold wall having a temperature TC while 

the backward vertical wall which is located at x=t is 

a hot wall of TH. The bottom and top of the inducer 

located at y=0 and y=l represent an entry and exit of 

air to the inducer respectively. The fluid within the 

inducer is an air (Pr = 0.72). 

 

3. Governing equations 

The flow within the inducer is assumed to be 

steady incompressible three-dimensional laminar 

flow.  The governing equations for three 

dimensional, steady, and laminar flow are 

represented by continuity, momentum and energy 

equation as follow:  

Continuity: 
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x-direction momentum equation  
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y-direction momentum equation  
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z-direction momentum equation  
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Energy: 
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In thermal energy equation the radiation heat 

transfer, the viscous dissipation, pressure work and 

Joule heating are ignored, so the source term ST 

becomes 

 

             0TS                    (9) 

 

4. Boundary conditions 

   The boundary conditions to be satisfied for the 

problem are expressed as: 

- At the right wall  

z=0, ly 0 , tx 0 , u=v=w=0 ,  0




z

T
 

- At the left wall 

z=s , ly 0 , tx 0 ,   u=v=w=0 , 

0




z

T
 

- At the front                    
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x=0, ly 0 , sz 0 , u=0, v=0, w=0, 

T=TC. 

- At the backward wall    

x=t, ly 0  , sz 0 ,   u=0, v=0, w=0, 

T=TH. 

 

 

 

- At entry        

y=0 , tx 0 , sz 0 , 

0
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w

y

v

y

u
, T=Tin 

- At exit         

y=l, tx 0 , sz 0 , 0
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5. Method of solution  

   The SIMPLE algorithm by Patankar and 

Spalding [12] is applied to solve the conservation 

equation of mass, momentum and energy. The 

transport equations for continuity, momentum and 

energy equations, all can be written in general form 

in three-dimensional geometry as follow: 
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  (10) 

 

Equation (10) is re-arrangement of algebraic 

equation of the form: 

 

   

nb

uiiPPi SASA  (11) 

 

The set of finite volume equations is solved by using 

an iteration method, starting from the solution of a 

previous run as initial condition. Numerical stability 

is enhanced by the choice of approximate relaxation 

factor f which is defined as [13]: 

 

  o
PP

n
P ff  1    (12) 

 

Where, 
o
P is the value of  from the previous 

iteration, P  is the values obtained from the 

solved equation (11) and 
n
P  is the new value. The 

value of the relaxation factor f can be in the range of  

10  f . 

 

6. Grid independency  

       In the present work, four sets of grid without 

clustering are tested (51,51,11), (71,71,11), 

(91,91,11) and (111,111,11), where the later  

(111,111,11) with iteration number equal to 8000  is 

chosen because this set ensures good results, as 

shown in Figures 2 & 3. 

 

     
  Fig. 2 Grid independency 

 

 

Fig. 3 Variation of volume flow rate with no. of 

iteration 

7. Validation   

In order to verify the accuracy of the present 

numerical investigation, the numerical results are 

compared with the previously published works of 

Lee and Yan [1] for a similar problem ( vertical 

inducer ) under conditions of (TH=TC= 40 oC and 

Tin=20 oC) with inducer thickness equal to 0.02 m. 
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As it can be seen from Figure 4, the comparison 

gives a good agreement. 

 

 
Fig. 4 Comparision with Ref [1] work. 

 

8. Results and discussion  

      The flow induced by natural convection and heat 

transfer within a rectangular solar chimney is studied 

numerically to achieve an optimal design for the 

chimney. The effect of changing in inlet air 

temperature and dimensions of chimney (thickness 

and height) on the amount and temperature of 

induced air are studied. 

As maintained above, the present work consists 

studying the effect of changing inlet air temperature 

where three values are examined as (10, 15 and 20) 
oC. As for the dimensions of chimney, also three 

values of thickness as (0.03, 0.04 and 0.05) m are 

studied and three values of height as (1, 1.5 and 2) m 

are considered. See Table 1.  

Figure (5) represents velocity vector and isothermal 

contour at the mid surface of inducer for one of the 

cases studied. As can be seen from these figures the 

effect of boundary layer is noticed by the reduction 

in the velocity in the region that adjacent to the walls 

of inducer, while the effect of the buoyancy is felt in 

the developing regions, where the buoyancy 

decreases the temperature in the region adjacent to 

the hot wall. While increasing the temperature 

elsewhere in the flow. Thus, the buoyancy tends to 

equalize the temperature in the fluid. 

 

Table 1. Volume flow rate (m3/s) for different 

conditions 

 

 

 
Fig. 5 Flow field and isothermal contours for 

max  =20 C,inthickness=0.05m, height=1.5 m, T

velocity 1.85m/s. 

The effect of variation in the inducer dimensions 

(thickness and height) on the amount of induced air 

is illustrated in Figures 6 & 8. As a result of 

increasing in the area of inlet port of the inducer by 

increasing the thickness, induced flow rate will be 

increased as it can be seen in Figures 6 & 8. It is 

worth mentioning, that any increasing in the 

thickness of chimney greater than 0.05 m leads to 

make a flow behavior like that for enclosure where 

there is a generation of reverse flow near the cold 

wall. According to this the amount of induced flow 

rate will be decreasing. In the other hand, the 

increasing in the height of the chimney leads to 

increase the area of the hot wall, as a result of this 

the amount of induced air will be increased as a 

reason of increasing in the source of inducing, and 

Thickness 

(m) 

Inlet 

Temp, 

C   

Height (m) 

1.0 1.5 2.0 

0.03 10 0.0196 0.0244 0.0310 

0.03 15 0.0171 0.0213 0.0271 

0.03 20 0.0145 0.0183 0.0222 

0.04 10 0.0291 0.0406 0.0535 

0.04 15 0.0252 0.0348 0.0462 

0.04 20 0.0211 0.0289 0.0380 

0.05 10 0.0369 0.0566 0.0757 

0.05 15 0.0320 0.0494 0.0649 

0.05 20 0.0265 0.0415 0.0530 
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there is a rapid increasing in the amount of induced 

air whenever the chimney height increasing are seen.  

 

 
Fig. 6 Variation of volume flow rate with thickness 

.= 10 infor different height and T 

 

The effect of variation in the inlet air temperature on 

the amount of the induced flow rate is expressed in 

Figures 7 & 8. There is a noticeable reduction in the 

amount of  induced volume flow rate with increasing 

the temperature of the inlet air to the chimney, and 

the reduction descending with the decreasing the 

chimney height  this is due to the decreasing in the 

buoyancy force as a result of decreasing in the 

temperature difference which is responsible for 

buoyancy force generating. 

 

 
Fig. 7 Variation of volume flow rate with inlet 

temperature for different heights and thickness = 

0.03 m 

 

 
Fig. 8 Variation of volume flow rate with height for 

different inlet temperature and thickness = 0.03 m 

9. Conclusions 

       A numerical study of three –dimensional, steady 

and incompressible laminar natural convection of air 

(Pr=0.72) within a rectangular solar chimney is 

presented. Finite volume with staggered grid 

arrangement is used to solve the governing 

equations.  The results show that the induced flow 

rate influenced by the chimney dimensions 

(thickness and height) and inlet air temperature. The 

induced flow rate increased with increasing the 

height and thickness of chimney, and it is found there 

is a limitation of this increasing as a result of the 

reverse flow formation with a further increasing in 

the thickness of chimney. In the other hand the 

induced flow rate reduced with the increasing inlet 

air temperature due to the decreasing in the 

buoyancy force. From these results the optimal 

design of the solar chimney can be achieved.           
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