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In this paper, we present a numerical analysis of natural convection and the effects of collector radius
variation on the velocity and temperature field. After transforming the conservation equations of mass,
momentum and energy, we compare the results of our calculation code with those of Comsol. On the
one hand, the comparative study of the temperatures in the collector reveals a slight difference at the
entrance to the chimney, on the other hand we note that there is a perfect agreement with the general
appearance of the evolution curves temperatures in the chimney. In addition, the evolution of speeds in
the collector suggests the choice of a tighter mesh. We also note very low velocity values in the
chimney. In addition we also present some velocity and temperature profiles in the flow as a function of
the Rayleigh number. Finally, a variation in pressure during the flow was studied.
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INTRODUCTION

The solar chimney is a new technology for producing electricity by
transforming solar energy into mechanical energy. The basic idea
comes from Jorg Schlaich and Rudolf Bergermann in 1976 [1]. They
developed a prototype which operated from 1982 to 1989. Since then,
the reliability of the system has aroused the enthusiasm of
researchers, industrialists and political decision-makers. It is made up
of three main parts: the collector (either plastic or glass or both
combined), the chimney and the turbine. The principle diagram is
given by Figure 1. Bernades et al. [2] used computational fluid
simulation (CFD) to simulate the flow in a solar chimney under
natural convection in a radial flow. They studied the different junction
shapes at the base of the collector to predict the thermo-
hydrodynamic behavior. Sangi et al [3] also concluded that the power
output increases directly if the height of the stack and the diameter of
the collector also increases. Ayadi. A. et al. [4,5] conducted an
experimental study on the effect of chimney height and collector roof
inclination on the performance of a solar tower. Yilmaz et al. [6]
concluded that the most important factor affecting the performance of
solar chimneys was tower height and collector area. Al-Azawiey et al.
[7] experimentally studied a solar tower prototype with a chimney of
6.3 m height and 0.32 m diameter, collector diameters of 3 m and 6
m. They showed that the air velocity in the chimney was 1.56 m/s for
a collector diameter of 3 m, and 2.25 m/s for a collector diameter of 6
m under sunlight of 808 W/m?” They further noted that by doubling

the diameter of the chimney the air flow in the chimney increases
byapproximately 44.23%. Zhou et al. [8] then [9,10,11,12,13]
developed a mathematical model and showed that an increase in the
collector radius leads to an increase in the output power. Toghraie et
al. [14] after analyzing the effect of geometric parameters on the
performance of solar chimneys using 3D CFD model concluded that
increasing the collector radius would increase the temperature in the
collector. Li et al [15], Choi et al [16] developed a theoretical model
which allowed them to find a limiting value of the collector radius
beyond which an improvement in the output power is not possible.
Rajput et al. [17] undertook a CFD study referring to the Manzanares
prototype. They claimed that improving the collector radius improved
the turbine inlet air velocity, mass flow rate, and power output. Zhu et
al. [18] studied the effect of changing the chimney height of a small-
scale prototype with a chimney of 0.7 m diameter and a collector of
radius 5 m under a constant radiation of 850 W/m’ using a
mathematical model based on experimental results. They obtained
powers of 2.26 W and 4.94 W respectively for chimney heights of 4
m and 8 m. Papageorgiou et al [19] obtained a speed of 5 m/s for a
chimney height of 15 m compared to a speed of 6 m/s for a chimney
height of 24 m. Bernades et al [20] developed a numerical model
which allowed them to assert that by increasing the height of the
chimney by 100% they would obtain a daily power output of 2016
GWh compared to 0.929 GWh with 1000 m of chimney height. As
for Nizetic et al [21], they developed a numerical model capable of
improving the efficiency of the chimney. Thus they obtained 0.698%
for a chimney height of 200 m compared to 3.411% for a height of
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1000 m. Larbi et al [22] showed the increase in output power for
several values of stack heights and collector diameters. Li et al. [23]
claimed that the output power of the Manzanares prototype was 53.5
kW under a constant irradiation of 1000 W/m?, and if the height of
the chimney was fixed at 400 m, the output power would be 123.6
kW, an increase of 131%. Hamdan et al [24] showed that a 400 m
chimney would produce 5.81 MW under sunlight of 263 W/m2
compared to 16.26 MW for double height. Ngala et al [25] obtained
an output power of 1.5.10° W for a chimney height of 300 m
compared to 3.02.10° W for a height of 600 m. Khelifi et al [26]
through a numerical model obtained an output power of 1852.57 kW
for a chimney height of 200 m compared to 3696.44 kW for 400 m
chimney height.

Mathematical formulation: We use the same equations, assumptions
and boundary conditions as Ousmane et al. [27] in the temperature
range (320 <T <370) K.
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The numerical resolution is identical to that adopted by Ousmane et
al. [27] leads to the equations below:

vy o o .
af* + ar’* - ( )
d (laT* V*T*)+ 5} (laT* V*T*)—O c
ac*\Hoaer ¢ on*\Hon* " )~ ®)
d (Praw* " *)+ 5} (Praw* Ve *)
ae\H o VW )T o \aay Y
—_ P R (C( * *)aT*
= r.Ra &n e
+D(E *)ar*) 6
£ ©
With
. 1 (0%y* 8%yY*
B _ﬁ<af*2 " 6n*2> @

Comparative study of the obtained results with those of the
COMSOL code: The calculation code developed makes it possible to
estimate temperatures and velocities within the flow. To validate the
latter with figures from the “COMSOL” code we present in
dimensional variables the variations in temperature and velocities.
Note that this choice results from the simple fact that it is easier to
compare these curves using real physical quantities.

Evolution of temperatures and Nusselt number in the collector: We
evaluate the average systematic errors (RMSE) of our calculation
program, for each temperature evolution curve, by comparing it to the
results of the COMSOL code.
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Figure 3. Spatial evolution of velocities in the collector

Temperature evolution in the chimney: Figure 4 shows a perfect
agreement between the temperature curves in the chimney with a
quasi-hyperbolic profile consistent with literature data [28].
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Figure 4. Spatial evolution of temperatures in the chimney

Velocity evolution in the chimney: It can be noted on Figure 5 that
this is a very low speed and therefore the errors linked to the
discretization of the equations and the use of relaxation coefficients
greatly amplify the relative uncertainties in the calculated values. The
parabolic profile of the speed curves is in perfect agreement with the
literature data confirmed by Nizetic et al [29]. Figure 6 gives an
illustration of the characteristics of the flow using graphics from the
Comsol calculation code.
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Figure 5. Spatial evolution of velocities in the chimney
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Figure 6. Velocity and temperature profiles in the flow as a function of the Rayleigh number
Visualization of iso temperature values for Theat =353K

We notice that “the zone of maximum velocities” keeps practically
the same intervals on the ordinate, in particular Hm= (0.2 - 0.6) m or
H= (0.1 - 0.3) in dimensionless values whatever the Rayleigh number
between 10°< Ra <10”. This locus of maximum velocities varies from
one geometry to another, thus giving it a compact or spread-out
appearance. In fact, the geometry of the tower is more determining as
to the position of the “maximum velocity zone”.

(Ra=7.4.106): Figures 7 to 11 are obtained by simulation for a fixed
temperature of the absorber (Theat =353K). The abscissa axis is the
radius of the collector because we are moving in axisymmetric and
the ordinate axis represents the height of the chimney, i.e.
(rc=hch=2m). The convective movements in laminar regime remain
quite weak so that we can clearly see the temperature gradient which
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is established in the chimney. The separation of the isotherms (bell
curves) reflects a laminar convection regime which is established
between the two main walls (cold and hot).

Visualization of iso velocities values and streamlines for Theat
=353K (Ra=7.4.10%: The “maximum velocities” zone is well marked
and is reflected by concentric circles of iso values whose diameters
are between the ordinates (0.25 and 0.65) m. We notice that by
traversing the y axis from bottom to top we find the velocity profile in
the chimney of Figure 5. At the beginning very low velocities
increase suddenly in a Gaussian bell curve to attenuate immediately
after and remain practically constant in the rest of the chimney.

Figures 7 and 9 show that the current lines originate at the level of the
absorber and part of them undergoes recirculation in contact with the
colder wall of the collector. We observe a single convective cell
confirming the laminar regime for a Rayleigh number of
approximately 10”. Indeed, multicellular flow (Bénard cells) appears
in turbulent regime.

Influence of the collector radius on the velocity and temperature
fields: The increase in the radius of the collector is linked to that of
the surface of the absorber. The fluid then stays longer in the conduit,
therefore heats up much more and makes it possible to obtain higher
velocities, as indicated in Figure 10.
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Figure 10. Influence of collector radius and chimney height

Mini; 0

Mesh statistics (r=2m, h;,=2m) Mesh statistics (re=3m, hg;=2m) Mesh statistics (r=4m, hg,= 2m)
Vmax 0,262m/s Vmax 0,532 m/s Vmax 0,845m/s
Number of degrees of freedom 6303 Number of degrees of freedom 1708 Number of degrees of freedom 1925
Number of nodes 174 Number of nodes 62 Number of nodes 71
Number of elements 279 Number of elements 68 Number of elements 76
Triangular 279 Triangular 68 Triangular 76
Quadrilatéral 0 Quadrilatéral 0 Quadrilatéral 0
Number of border elements 67 Number of border elements 54 Number of border elements 64
Vertex number 13 Vertex number 8 Vertex number 7
Minimum elementquality 0.708 Minimum elementquality 0.798 Minimum elementquality 0.776
Element area ratio 0.023 Element area ratio 0.145 Element area ratio 0.113
Mesh statistics (r=2m, h;,=2m) Mesh statistics (re=2m, hg;=3m) Mesh statistics (re=2m, hg;=4m)
Vmax 0,262m/s Vmax 0,661 m/s Vmax 0,982 m/s
Number of degrees of freedom | 6303 Number of degrees of freedom| 5993 Number of degrees of freedom | 1839
Number of nodes 174 Number of nodes 183 Number of nodes 69
Number of elements 279 Number of elements 256 Number of elements 72
Triangular 279 Triangular 256 Triangular 72
Quadrilatéral 0 Quadrilateral 0 Quadrilatéral 0
Number of border elements 67 Number of border elements 108 Number of border elements 64
Vertex number 13 Vertex number 8 Vertex number 8
Minimum elementquality 0.708 Minimum elementquality 0.741 Minimum elementquality 0.588
Element arca ratio 0.023 Element area ratio 0.149 Ratio de surface de 1’élément | 0.152

It should be noted that the effect of increasing the radius has a greater
impact on the increase in the velocity than the chimney effect because
the fluid acquires more thermal energy in the vicinity of the absorber
than by natural draft effect.

Pressure variation during flow: Consistent with Sangi et al. [30], the
pressure decreases along the collector and its minimum value is
located at the bottom of the chimney. Ming et al. [31] showed that
this pressure is negative and increases inside the chimney. The
observation of Figure 11 proves the good agreement with the
literature data.

CONCLUSION

In the collector, we note a perfect agreement between the temperature
evolution curves given by COMSOL and our calculation program.
However, we observe a slight difference at the entrance to the
chimney for the two types of curves. However, the temperature
curves in the chimney show perfect agreement between the COMSOL
code and the calculation program. The evolution of velocities in the
collector presents very small differences at the entrance to the
chimney while in the chimney the low velocities result earlier from
errors linked to the discretization and the relaxation method. Finally,
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the COMSOL code confirms the growth in velocities as a function of
the radius of the collector and the height of the chimney, as well as
the ascending convective movement described by the pressure curves:
the inlet is in depression and the outlet tends towards the jet condition
in a free atmosphere.
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