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Abstract--This paper presents a theoretical analysis of a Solar Radial Air Heater, operating on natural laminar convection in steady 
state, to predict the thermo-hydrodynamic behavior of the device. Temperature conditions were imposed on boundaries, so as to 
limit the flow in the laminar regime along the device. The mathematical model (Navier-Stokes and Energy Equations) was analyzed 
by the Finite Volumes Method in Generalized Coordinates. The solution was obtained in a fixed computational domain independent 
of the geometrical shape of the physical system. This methodology allows a detailed visualization of the effects of geometric of 
optimal geometric and operational characteristics for such devices. ~) Elsevier, Paris 
solar chimney / free convection / applied solar energy / renewable energy sources 

R ~ s u r n ~ -  Analyse num~rique en convection naturelle laminaire du syst~me radial de chauffage solaire. On pr~sente 
dans cet article une analyse th~orique de ce qu'on appelle c~Solar Radial Air Heater~ (syst~me radial de chauffage solaire), 
fonctionnant en convection naturelle laminaire, pour la prediction du comportement thermo-hydrodynamique du syst~me. Le 
module math~matique (~quations de bilan de la quantit~ de mouvement de I'~nergie) a ~t~ exploit~ en utilisant la m~thode des 
volumes finis en coordonn~es g~n~ralis~es. La solution est obtenue pour un domaine de calcul fix~, ind~pendant de la forme 
g~om~trique du syst~me physique. Cette m~thodologie permet une visualisation d~taill~e des effets g~om~triques sur les champs 
de vitesse et de temp~raturet qui sont tr~s importants pour la d~finition de la g~om~trie et des caract~ristiques op~rationnelles 
optimales de tels syst~mes, cr~ Elsevier, Paris 

chemin~e solaire / convection libre / ~nergie solaire appliqu~e / sources renouvenables d'~nergie 

Nomenclature P 
P * , S *  

A finite-difference coefficients r,y 
B source t e r m  P~= 
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/~ viscosity of fluid . . . . . . . . . . . .  kg.s-Z.m -1 
~, kinematic viscosity of fluid., m s .s-  1 
rl, ~ generalized coordinates 
¢ generic property 
F ¢ diffusivity 

volumetric thermal expansion 
coefficient . . . . . . . . . . . . . . . . . .  

Subscripts 

e, w, n, s, p face indicators 
P, E, N, S, NE, point indicators 
N, W, SE, SW 
x, y, 4, r? partial derivatives 

Superscripts 

0 previous iteration 

K - 1  

1. I N T R O D U C T I O N  

The Radia l  Solar System here proposed consists 
basically of two main components  (figure 1): the 
collector (Greenhouse) and the chimney. In this  collector 
system, cold air enters at an end and is heated by solar 
radiat ion,  flowing confluently along a t ranslucent  cover 
towards the  chimney. The flow becomes ascending in the 
chimney, being driven by buoyancy forces. Such forces, 
or iginated by differences of density, cause a strong flow 
in the chimney, thus making the system workable. 

In this system the flow can be used for power 
generation or for drying. The power generation is 
obta ined by means of an eolic turbine  placed at  the 
base of the  chimney (solar chimney). This par t icular  
subject  is not within the scope of s tudy and analysis 
envisaged by this paper .  The drying process is achieved 
through the warm air flow. In agriculture,  warm air 
can be used for grain drying and fruit dehydrat ion.  In 
indust ry  it can be used in ceramic, paper  and cement 
industries. 

The radial  solar heater  is of simple construct ion 
and low cost, as it uses technologies and mater ia ls  
available in Thi rd  World countries. Moreover, it has 
a sat isfactory functioning during the night (by storing 
heat  in the ground) and no need for cooling water  
for the  components  nor local manpower.  Considering 
its simple constructive and operat ional  characteristics,  
there is a cost solution and a sensible decrease in its 
maintenance there are no mobile components,  except 
in the case of an eolic device [1]. 

Various global analyses have been developed on this 
type  of system. Such studies comprise calculations of 
output  energy, system efficiency, parametr ic  analyses 
and analyt ic  models. The results show tha t  this  device 
can be considered as a technically and economically 
viable form of renewable energy. However, impor tan t  
information is still to be gathered,  such as the effect 

of irregularities in solar radiat ion,  values applicable 
to real systems, different geometric configurations, 
characterist ics specific to a design as proposed (energy 
of drying),  efficiency and costs. All  these details  are 
needed for the design of a working system. 

The purpose of this paper  is to present a prel iminary 
analysis of the phenomenon of na tura l  convection in a 
geometry similar to tha t  of the  Radial  Solar Heater  as 
drawn in figure 1, without,  however, the eolic turbine. 
S teady-s ta te  laminar  na tura l  convection with prescribed 
boundary  condit ion was considered. This analysis does 
broach the phenomena of solar radiat ion and the eolic 
generator.  

To solve the system of equations, the Fini te  Volumes 
Method in Generalized Coordinates  was used. Velocity 
and isothermal characterist ics of the flow were obta ined 
as functions of the geometry and of the  thermal  
conditions imposed, which makes possible a local 
analysis and the evaluation of the most appropr ia te  
geometric configurations. Local analysis permits  the  
evaluation of local phenomena,  which may appear  in 
certain regions. In this way, one can a t ta in  even the 
t iniest  details,  allowing the achievement of the most 
adequate  design and execution. 

2. M A T H E M A T I C A L  M O D E L I N G  

The proposed Radia l  Solar Heater  consists of a lower 
cylindrical  region representing the ground, and a higher 
disc corresponding to the cover. The cover is coupled 
at the  center with a vertical tube  which consti tutes the 
chimney, as in figure 1. 

The difference of t empera tu re  between the interior 
and the exterior generates a densi ty gradient  in the 
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Figure 1. Schematic drawing of an Aero-Solar Radial system. 
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internal air, thus creating a potential (mechanical) 
energy within the system. The air heated under the 
cover enters the chimney at a higher temperature than 
the atmosphere one, then moving up due to buoyancy 
forces. Initially, this flow develops in the horizontal 
direction, which changes to vertical on entering the 
chimney. The flow section between the cover and the 
ground reduces its size in the direction of the center 
of the system, causing the velocities to increase; the 
maximum value is obtained at the summit of the 
chimney. As the cover is open at its circumference, 
the air flows continuously towards the interior of the 
system, thus guaranteeing its functioning. 

The adopted model considered steady state laminar 
flow and prescribed boundary conditions for temper- 
ature and velocity. The hypotheses admitted in this 
formulation were based on incompressible flow, Newto- 
nian fluid, constant fluid properties, no heat sources, no 
viscous dissipation, no effect of the solar radiation. The 
model is constituted by the mass conservation equation, 
equation of conservation of linear momentum in the r 
and y directions, equation of energy conservation--and 
in cylindrical coordinates for an axisymmetric geometry, 
according to figure 1. 

Continuity: 

3p 1 3 3 
3-t + -r~rr (pru) + ~yy (pv) = 0 (1) 

Motion - r component: 

1 a ~(pvu) a (pu) + ; ~ ( ~ u )  + 

_ 1 0  rit~ + 
r 3 r  3-yy ~, 3y] 

3p 2itu 
3r r 2 

(2) 

Motion y component: 

~-t(Pv) Tl-~--r(rpuv)+~--y 

_ 1 3  rit-~rr + - pg (3) 

Energy: 

~(pT)+ ; ~ ( r ~ T ) +  (pvT) 

1 3 [ "  k OT'~ 
+ ~ \ c p a y )  (4) 

The buoyancy term pg which appears in the y mo- 
mentum conservation equation results from the density 
variation, being obtained in the Boussinesq approxima- 
tion. This approximation considers an incompressible 
flow in the whole of the system, except for the buoyancy 
force term in the vertical flow. In order to determine a 
mathematical  expression of the buoyancy forces, let us 
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consider the density of the fluid, p0, at a temperature 
To. The density is given by 

p = p0 [1 - fl (T - T0)] (5) 

Details of the derivation of the Boussinesq approxi- 
mation can be seen in Bernardes [2]. Defining p' = p - p o  
and fl -- 1~To and introducing these definitions into 
equation (3), one has 

~(Pv)  + l ~---~(rpuv) + ff--~(pvv) 

( 1 3 rit-~--r 3y -- - ~-v +gpo f l (T -To)  (6) rat \ ay) y 

The governing equations, in cylindrical coordinates, 
can be written in a general form for a generic magnitude 
¢, as 

t(p¢) + ; ~(rpu¢)  + (pv¢) 

r13 ( O r  - ~ ) ~ y y 3  ( 3 ¢ )  pC -- r F  ¢ + F¢~y + S ¢ + (7) 

The expressions for the source terms S ¢ and Pc ,  and 
the diffusivity F ¢, for incompressible flow, are given in 
table L 

TABLE I 
Values of ¢,F ¢, pC and S ¢ 

for the equation in general form. 

Equation ¢ F ¢ PC S ¢ 

Continuity 1 0 0 0 

Motion r component u # -Op/Or -2 i tu / r  2 

Motion - y component v it --Op'/Oy g po fl (T - To) 
Energy T k/Cp 0 0 

Figure 2 shows the domain of the solution. The North 
boundary is formed by the cover and the chimney wall. 
The values of the cover temperature and of the chimney 
wall are respectively Tc as Tt. The non-slip condition is 
imposed on the velocities u and v on this boundary. The 
South boundary is formed by the ground and the center 
of the chimney. At the ground level the temperature is 
Tsl. A non-slip condition is imposed on u and v at this 
boundary. At the center of the chimney a symmetry 
condition is imposed both for velocity and temperature. 
The East boundary corresponds to the top of the 
chimney, being a mass outflow region. A fully developed 
flow region is imposed on velocity and temperature. 
The West boundary is the circumference of the cover, 
where there is mass inflow. On this boundary, the 
temperature To is maintained. The velocity, unknown 
initially, is calculated by numerical simulation in a 
procedure similar to that  of Marcondes [3]. 
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Figure 2. Solution domain and boundary conditions. 

3. NUMERICAL METHODOLOGY 

For the analysis of the air flow inside the device, the 
Finite Volumes in Generalized Coordinates Method was 
used. This methodology allows the study of geometries 
with different slants of the cover, as well as variant 
boundary shapes, where the solution can be obtained 
in a fixed computational domain, independent of the 
geometry of the real system. The solution of transport 
equations using generalized coordinates involves the 
use of two main algorithms: one for the generation 
of the coordinate system (mesh generation), and the 
other for the solution of the physical system. A general 
description of this methodology is given by Maliska [4]. 

3.1. Coordinate transformation 

In this work, we use a system of differential elliptic 
equations for mesh generation [2] and a method for the 
coordinate system transformation given by Maliska [4]. 
In this methodology, for a bidimensional system, the 
curved coordinates of a point are related to a cylindrical 

coordinate system by means of two transformation 
equations, ~ = ~(r,y) and r /=  7?(r,y). 

The differentials in the transformed domain are given 
in matricial form by 

[d T] = [A][d T] and [d E] = [B][d E] (8) 

The metrics are found by comparing [A] to [B-l], 
thus obtaining 

~ = J Y , ;  ~u = - J r . ~ ;  ~ = - J y ~ ;  ~Tu = J r¢  (9) 

The Jacobian of the transformation is given by 

j =  ~ ~u = ~ ? y _ ~ u ~ =  ( r ~ y , - r . y ~ )  -1 (10) 
~b" flu 

The length along the coordinate axis is given by 

dL~ = x/-dA~; d L , =  x/~A~/ (11) 

and the components of the metric tensor are given as 

2 2 r~ ÷ y~; /3 rvr~ ÷ y~y~ a = r  v + y v ;  ~/= = (12) 

The contravariant velocity components are given by 

U = uy~ - vr~;  V = v r  n - uy¢ (13) 

In this way, by applying the general transformation 
described by Valle [5] to the generic equation in cylin- 
drical coordinates, the general transformed equation 
leads to 

1 ~  1 ~  1 ~  P¢ 
J 0t (PC) ÷ r ~ [rpCV] ÷ r - ~  [rpCU] j 

1 0  " ¢ ~¢ 
-- -Or/ l r J F  ~/~-~ - r J F e 2 0 ¢  ~" 0~ 

1 0 {  ~_~ ~__~} S ¢ 
+ - r ~  r J F e a  - r J F ¢ ~  + - j -  (14) 

The expressions for the source terms and the 
diffusivities of the general transformed equation are 
given in table II. 

3.2 .  D e r i v a t i o n  o f  a p p r o x i m a t e  
e q u a t i o n s  

Conservation equations in a generic variable ¢ 
written in generalized coordinates in two dimensions, 
have the form of equation (15) with terms defined in 
table II. On adopting a full implicit formulation, the 
integration of the equation in time and space, for an 
elementary volume P, as shown in figure 3, results in 
Mp~bp 0 0 -- Mpgbp 

+ Mo¢.  - MwCw + Mn¢,, - Ms¢~ At 

( ~ n2~¢~ (nl ~) n2~¢~ : nl- f f~ ÷ ¢)Tlje -- - ~  + Ovl) w 

+ r L [S¢ + P¢] A~ A~ (15) 
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TABLE il 
Expressions for the source terms 

and diffusivity coefficients for the general 
transformed equation. 

Equation ¢ F¢ 

Continuity 1 0 

Motion 
r component u /t 

Motion - 
y component v # 

Energy T k / Cp 

pC S ~ 

0 0 

~p ap 

3p 3p r ~ N - r , -  ~ gpo~(T-  To)/J 

0 0 

N.W ,N ,NE 
n 

• W w , ~  e g 

S.W s • S S.E 

Figure 3. Elementary volume P and its neighbors. 

By using the WUDS (Weighted Upstream Differen- 
cing Scheme) as an interpolation method, and a 
scheme for storing the variables, then introducing the 
expressions for ¢ and its derivatives on the boundaries in 
equation (16), a discretized equation for the elementary 
volume P is obtained: 

ApOp = AeOE + Awew + AneN ÷ A~Os + AmeeNE 
+ AnweNW + AseeSE + A~wesw + B (16) 

where the coefficients are given by: 

M o 
Ap : E ANB "/- A---t 

[1  \ (D~)o 

/1 (Dl~)w 
+ + - -  

(D~)n 
An =--J~//n (1 - -~ 'n ) - [ -  A ~  

(D~)~ 
+ - -  

Ane = (D2)e + (D4)n 
4 Art 4 A~ 

(17) 

(D4)n (D4)s (18) 
4 A~ 4 A~ 

(D4)s (Da)n (19) 
4 A~ 4 A~ 

(D2)e (D2)w (20) 
+ 4 A ~  4Art 

(Du)w (D2)¢ (21) 
4 Art 4 Art 

(22) 
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A s e -  (D2)e (D4)s 
4 Ar t 4 A~ 

Anw-- (D2)w (D4)n 
4 Art 4 A~ 

Asw - (D2)w + (Da)~ 
4Art 4A(  

Mp (~p 
B = r L [ S ~ + P ¢ ] A ~ A r t +  At 

(23) 

(24) 

(25) 

(26) 

The parameter K varie between -0.5 and 0.5, and 
always has the same sign as the velocity; the values of 

vary between 0 and I. 

The pressure terms are evaluated by using central 
differences, being given by 

[ ~ - - ~  PN+PNE--Ps - -PsE] (27)  
n[~u] = Y~ - 4 Art Y~ 

FPN -- PP PE + -- ] (28) LI °l = P 4  -'Nw r, 

and the terms L[S 4~] are given by 

L[gU] = 2#up  
yp r~ 

L[S "] = - g  po ,3 (Tp - To) 

(29) 

(30) 

3 .3 .  A p p l i c a t i o n  o f  t h e  b o u n d a r y  
c o n d i t i o n s  

The procedure for the application of boundary 
conditions in this paper involves the use of fictitious 
volumes. The equations for these volumes are generated 
as functions of the existing boundary conditions. These 
equations have the same form as the equations for 
internal volumes, being given by 

ApOp -- AeOE + Be, Apep = Awew + Bw, 

APeP = AnON + Bn and ApOp = AsOs + Bs 

representing the West, East, South and North bound- 
aries, respectively. 

As shown in figure 2, the West boundary is at the 
periphery of the cover, where the mass flows in. The 
East boundary is the top of the chimney, where the 
flow is considered as thermally and hydrodynamically 
developed. The North boundary is the cover plus ground 
and the chimney wall. The South boundary consists of 
ground and the center of the chimney, representing the 
axis of symmetry. 
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North Boundary 

The two parts of North boundary, the cover and the 
chimney wall, are impermeable, the prescribed velocities 
both being zero. In order to comply to this condit ion in 
the transformed plane, one must have UN = --up, VN --= 0 
and VN = 0. The cover temperature is represented as 
T~ while the chimney temperature  is T~. Therefore, the 
interface temperatures are respectively Tt = 2 T ¢ - T p  for 
the cover, and Tt =- 2Tt - T p  for the chimney (figure 4a). 

South boundary  

The South boundary is divided into two parts: 
the ground and the symmetry axis. The ground is 
impenetrable frontier, with a zero velocity, in which 
us = up, vs = 0 and Vs = 0. The central axis is a 
symmetry boundary, in which us = up, vs = 0 and 
Vs = 0. At the ground, the temperature is T~I and on 
the chimney there is a symmetry condition. Therefore, 
one has Tf = 2 T~t - Tp for the ground and Ts = Tp for 
the chimney (figure 4b). 

East boundary  

This is a mass outflow boundary. Its velocity profile 
at tains the fully developed stage. Therefore, a zero 

derivative condition is applied: 3u/Oy = Ov/Oy = O, or 
ue = UE and vv = VE and Tp = TE (figure 4c). 

West boundary  

This is a mass inflow boundary. In natural  convection 
problems, the mass flow at the entrance, caused by 
buoyancy forces, is unknown in the beginning. In this 
paper, the entrance velocity was initially unknown, 
being updated at each iteration by the values of the 
neighboring velocities. This procedure should not be 
interpreted as being iterative, because the entrance 
velocity evolves in the same way as the channel interior 
velocities do. One of the assumptions of Marcondes [3] 
is that  the value of the entrance pressure is kept at zero. 

According to this methodology, one has for the West 
boundary 

Up = AE(UEyn -- vEr~) + AN(UNyn -- vNrn) + As(usyn  - vsrn) 

+ pp rp A r  I A (u~,y n vprn ) o  - 2 A P  A~/2A~ (31) 
At Jp A e  ~ - rpap A~ A ~  

The prescribed temperature is To, which means 
:If = 2 To - Tp (figure 4d). 
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Figure 4. Control volumes for the velocities and temperatures on the boundaries of the transformed plane. 
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4. RESULTS 

In the numerical analysis, the shaping of mesh has 
obeyed the best distribution of volumes in the domain, 
with the possibility of refining the details wherever 
necessary. As an example, figure 5 shows the mesh 
detail at the junction, for one of the cases simulated. 

0 . 1 5  

0 1  

0.05 

ii iii iii =ll iiJ i1[ JlJlll l l l l l l l l l l l l==l=== 

-0.1 -0.05 0 0.05 0.1 
r{m) 

Figure 5. Mesh detail at the junct ion for one of the geometries 
studied. 

The mesh, a 350 x 22 volumes arrangement, has 
proved to be satisfactory, being adopted for most 
of the cases. Such a refinement was unnecessary in 
some cases. The natural convection problem between 
parallel vertical plates was used for the validation of 
the computational problems. The solutions employed 
were the following: an analytic solution of the fully 
developed hydrodynamic flow between two plane plates, 
as given by Bejan [6], and the numerical solution 
for the development of thermal and hydrodynamic 
flow obtained by Bodoia and Osterle [7], which was 
experimentally validated by Aung et al. [8]. For the last 
case, the fully developed profiles of temperature and 
velocity were compared. 

In order to s tudy the main thermal and hydrody- 
namic characteristics of the laminar flow and to eval- 
uate the quality of our numerical methodology, the 
magnitudes adopted in the simulation were given by 
the following values: height of the cover at the en- 
trance (H¢2 = 0.02 m); chimney radius at the outlet 
(Rt2 = 0.05 m); height of the chimney (Ht = 2 m); 
cover radius (Re = 1 m); temperatures (T81 = 302 K, 
T¢ = 300 K, Tt = 300 K, To = 300 K), uniformly dis- 
tributed at the domain boundaries with the geometry 
given by figure 6. It should be noted that  these magni- 
tudes do not constitute real conditions of the system, 
being established only to insure a laminar flow. 

Starting from standard geometries (figure 7, varied 
geometries were introduced in the form of five basic 
configurations (table IIi). 

4 8  

R t 2  

. Chimney 

"T 

Canopy T c 

Ground Ts / 

Ao 

TO 

Figure 6. Characteristic g e o m e t r y .  

A 

I , 

I C 

Figure 7. Basic configurations. 

Curved junctions originate well-distributed temper- 
ature fields, recirculation-free flow (figures 8 and 9), 
as well a higher mass flows (table liD. Straight junc- 
tion configurations show recirculations at the base of 
the chimney (figure 10). Curved junctions with a dif- 
fusor show no recirculations (figure 11). Inclined cov- 
ers may facilitate the appearance of recirculation pat- 
terns similar to Bdnard cells. Figures 12 and 13 show, 
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TABLE III 
Geometric parameters and mass f l ow  

for simulated cases. 

C a s e  

Straith juntion 

Curved juntion 

Slanted junction 

Conic chimney 

Curved junction/diffusor 

Hcl Rtl Rin Rex /~/ (kg's -1) 

0.02 0.05 - 8.31.10 -4 

0.02 0.05 0.10 - 1.08.10 -3 

0.07 0.05 0.10 - 1.29.10 -3 

0.02 0.10 0.10 - 1.92.10 -3 

0.02 0.05 0.10 0.12 1.10.10 -3 

0 01 005 0 005 01 015 
r Im) 

Figure 8. Streamlines for  a curved junct ion.  

O~ 

015 

> 

0 0~ 

-01 -0.05 0 005 01 015 
r (m) 

Figure 9. Isothermals for a curved function. 

respectively, the formation of such recirculations and 
their  effect on the tempera ture  fields. The conic 
chimney (figures 13 and 15) generates higher mass flows 
(table III), confirming the results of Yan et al. [9]. 

5. C O N C L U S I O N S  

In this paper  a thermo-hydrodynamic  analysis for 
air motion in na tura l  convection, laminar  flow and 
s teady s ta te  is presented for a radial  solar heater  with 
prescribed boundary  conditions. The analysis has shown 
a need for a more detai led investigation of such systems 
as essential for an ample definition of basic design 
directions. The l i terature  available is scarce on this type  
of analyses, as the research most ly  concentrates on the 
evaluat ion of the  global performance of such systems. 

The adopted  methodology was shown to be efficient 
for the s tudy  of localized characterist ics of the flow, 
such as the  detect ion of small recirculations and small 
t empera tu re  gradients.  

A few geometric configurations generated per turba-  
tions of the  flow (recirculations), which reflected on the 
thermo-hydrodynamic  behavior. A conic chimney s tudy 
corroborated the conclusions of Yah et al. [9], by pre- 
senting higher mass flows and higher tempera tures  at 
the outlet .  

A straight  form for the cover~h imney  junct ion gave 
smaller flows, due to the occurrence of junct ion flow 
recirculations. The use of a curved junct ion allowed 
higher flows. The introduct ion of a deflector did not 
bring major  thermal  or hydrodynamic  improvements.  

For the design of real systems, more detai led studies 
of the geometrical  and operat ional  aspects are needed, 
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Figure 10. Streamlines for  a streight junct ion.  
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Figure 1 1. Streamlines for  a junct ion with diffusor. 
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Figure 12, Streamlines fo r  a slanted canopy. 
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Figure 13. Isothermals for a slanted canopy. 
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Figure 14. Streamlines for a conical chimney. 

involving meteorological conditions and turbulent flow. 
The numerical methodology presented here is efficient 
for analyses of such new conditions. 
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