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chimney. The finite volume method and the SIMPLE algorithm have been used to solve
the turbulent flow equations and energy equation. A standard K-€ model is used. The
influence of the collector height (0.05m<Hc<0.5m) and the collector radius
(2.5m<Rc<15m) on the flow behavior has been numerically analyzed. The obtained
results indicate that increasing the collector height and collector radius affect
considerably the flow behavior and the SCPP performance. The mass flow rate is
enhanced by about 27 %, for Rc=12.5m and Hc = 0.25m.
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1. Introduction

Solar chimney power plant (SCPP) is an economic dispositive for production of electric Energy. In
a SCPP, the air is heated by solar radiation captured in the collector. This leads to create the air
acceleration in the tower chimney by buoyancy forces effect. These quantities of heated air pass
throw aero-generator to produce electricity. Over the years, intensive research has been conducted
on the solar chimney. Haaf et al., [1] investigated theoretical studies on Manzanares prototype. They
discussed the energy balance, design criteria and the cost of the system and energy production
analysis. Bernardes et al., [2] carried out a theoretical SCPP analysis based on a steady state laminar
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natural convection model. They used the finite volumes method in the generalized coordinates to
solve the mathematical model. Von Backstrém and Gannon [3] interested in the solar chimney
turbine characteristics, and found that a peak turbine total-to-total efficiency of around 90% was
attainable. Maia et al., [4] carried out a theoretical and numerical study of the effect of geometric
parameters on the performance of solar chimney. Chergui et al., [5] studied numerically the thermo-
hydrodynamic behavior of the airflow through a solar chimney with well-defined appropriate
boundary conditions. Larbi et al., [6] investigated the performance of an SCPP expected to provide
electric power to the isolated villages located in Algerian southwestern. Sangi et al., [7] conducted a
study based on Navier-Stokes, continuity and energy equations to develop a mathematical model of
the SCPP. In addition, they used commercial software Fluent to simulate Manzanares SCPP. Their
mathematical model and numerical analysis are in good agreement with experimental data. Lebbi et
al., [8-9] analyzed numerically the effects of meteorological and geometrical parameters on the
thermo-hydrodynamic flow control in the solar chimney. They found that the tower chimney
dimensions affect significantly the flow behavior in such systems. Sudprasert et al., [10] carried out
a numerical study to know the air humidity influence on the performance of SCPP. They obtained in
the case of moist air the overall air temperature is higher than that in the case of dry air. Morteza
Bayreh [11] conducted a 3D numerical investigation to perform the pressure drop effects of across
turbine and the solar radiance on the performance of a SCPP, which is expected to provide electric
power to a city located in the southern region of Iran. Their results indicate that the pressure drop
and the solar radiation affect the efficiency. Besides, they obtained that the SCPP can provide up to
40-200 kW of power, depending on the season. Zhou et al., [12] examined the chimney height effect
for SCPP. They found that the maximum height for convection and the optimal height for maximum
power output increases with larger collector radius. Hamdan [13] developed a thermal mathematical
model which related the power generation by SCPP to the geometry and size of the chimney and
collector. Lee et al., [14] conducted an experimental study and identified the optimal configuration
of solar chimney. They applied an organic Rankine cycle to generate electricity and found that the
maximum outlet air temperature is approximately 125°C. Bouabidi et al., [15] studied numerically
and experimentally the effect of divergent collector on the performance of solar chimney. Their
results indicate that the collector divergence affects the air flow behavior inside the chimney. Kinan
et al., [16] investigated experimentally the performance of solar updraft power plant. They analyzed
the effect of square and circular collector on the flow behavior. They found that circular collector
gives higher velocity output than the square collector. Nasraoui et al., [17] proposed a novel collector
design with double-pass counter flow mode. They carried out a comparison between three models;
conventional collector, double-pass collector with parallel flow and double-pass collector with
counter flow. The obtained results indicate that the double-passes counter flow collector increases
the collector efficiency by 28% comparing to the conventional collector. Elwekeel et al., [18]
examined the effect of different roughness shapes (smooth, triangular, square and curved grooves)
of the collector roof on the SCPP performance. They obtained that the collector with triangular
grooves gives the optimal performance. Ayadi et al., [19] analyzed the influence of the collector roof
angle on the performance of the solar chimney power plant. Their results indicate that the negative
collector roof angle increases the SCPP performance, specially the static pressure of the fluid
decreases at the collector exit. Jing-yin Li [20] interested in the effects of collector radius and chimney
height on the performance of solar chimney power plant with turbines. They found a limitation on
the maximum collector radius, beyond which the attainable power output of the SCPP increases very
slowly. Ayadi et al.,, [21] studied numerically, the effect of the collector roof height on the
performance of the SCPP system. The results show that a small collector height presents additional
generated power. Recently, Kebabsa et al., [22] studied numerically thermo-hydrodynamic behavior
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of an innovative solar chimney, named sloped collector entrance SCPP. They found that the new
collector entrance design improves considerably the SCPP performance.

Obviously, the collector is an essential element in a solar chimney power plant. The optimization
of its dimensions is necessary for SCPP performance improvement. The purpose of the present study
is to investigate numerically the collector geometrical parameters effect (height and radius) on the
turbulent flow behavior and performance of small-scale solar chimney.

2. Description of the Geometry

Figure 1 shows the physical model geometry of the proposed small-scale solar chimney. This
design has a collector radius (Rc), collector height entrance (Hc), tower chimney height (Ht) and tower

chimney radius (Rt).
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Fig. 1. Physical model of the problem

Table 1 summarizes the various geometrical dimensions considered in this study.

Table 1
Geometrical dimensions
Rt (m) Ht (m) Hc(m) Rc (m)
Case 1 0.25 5 0,05-0,075-0,83-0,1-0,2- 5
0,25-0,3-0,4and 0,5
Case 2 0.25 5 0.25 2,5-4-5-7,5-9-10-12,5and 15

3. Governing Equations

The airflow through the solar chimney power plant is prescribed by two-dimensional turbulent
natural convection in cylindrical coordinates. The fluid is incompressible and satisfies the Boussinesq
approximation, which implies that the density variation with temperature is negligible except in the
motion equation for the buoyancy term. The governing equations that describe the flow are given by
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4. Boundary conditions

We consider no-slip and impermeable boundary conditions at the solar chimney walls. Air enters
in the cover at steady ambient temperature. The boundary conditions used for the velocity and for
the temperature are:

ok O¢
Atx=0,0<r<R,:u=v=0,T=T 4 —=—=0
‘ ot ox oK 7)
Atx:Hc,OSrSRc:u:v:O,T:TconV,%:a—gzo (8)
oX OX
Atr=Rt,HCSXSHt:u:v=0,q:—k£:0,%:8—8:0 (9)
or or or
or or or or or
2.2 2
Atr=Rc,OSXSHC:uzuO,vzo,TzTO,k:?’I - L K (11)
2 0.3D,
31°u°? k?
Atx=H,0<r<R:u=u,,v=0,T=T, k= &=
t t 0 0 5 0.3D, (12)

5. Numerical Computation
5.1 Numerical Procedure

The finite volume method and the SIMPLE algorithm have been used to solve the flow governing
Eqg. (1)-(6). The second order upwind scheme is used for convective terms discretization. The iterative
solution is converged when the residuals across all nodes are less than 107,
5.2 Mesh Generation

A structured non-uniform grid with a more significant concentration on the inlet-outlet and

junction regions was used. We adopt a (64 X 800) cells throughout the calculation domain since it has
shown a negligible variation with a more refined grid (see Figure 2).
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Fig. 2. Mesh independance study

In the aim to validate the numerical code, we carry out the calculation for SCPP under the same
experimental conditions of Maia et al., [4]. Figure 3 shows velocity profiles in the tower cross-section,
for the non-dimensional radius for (r/Rt = 0.15). These obtained results indicate a good agreement
with the theoretical and experimental value reported by Maia et al., [4] for the same geometrical
conditions. The relative deviation between our results and those of Maia et al., [4] is around 9.7%.
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Fig. 3. Dimensionless velocity profile in the tower cross-section
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6. Results and Discussion
6.1 Collector Height Effect on The Flow Structure
6.1.1 Collector height effect on the velocity field

The velocity contours development for various collector heights are shown in Figure 4(a)-(c). We
note that the distribution of the velocity field decreases in the collector when the collector height
increases. In addition, we obtain a maximum velocity in the tower because of the heated air particles
that move by the floatability buoyancy forces effect. The maximum of the velocity is reached at the
entrance of the tower for small value of (Hc=0.05m). When it increases (Hc=0.5m), we note that the
maximum velocity is localized at the tower exit.
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Fig. 4. (a)-(c) Velocity contours development in the solar chimney for various
collector heights
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The velocity evolution along the collector for various collector height values at x = 0.025m, is
shown on Figure 5. The obtained results indicate that when we decrease the collector height, the
velocity increases at the junction where it becomes maximal at the exit of the collector because of
thermal exchange between the ground and airflow.
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Fig. 5. Variation of velocity along the collector for various
collector heights (x=0.025m)

6.1.2 Collector height effect on stream line contours

Figure 6(a)-(c) illustrates the streamline contours development for various collector heights. We
note the appearance of the recirculation zone at the entrance of the collector. The size of this zone
increases as function of the collector height, which can be justified by the decrease of mass flow rate.

6.1.3 Collector height effect on the temperature contours

The isothermal contours for various collector heights are shown in Figure 7(a)-(c). We observe
that the isothermal lines distributions are structured and the temperature distribution decreases
from the ground to the collector and increases from the entrance of the collector to the exit of the
collector. We explain this by thermal exchange phenomena in natural convection between air and
the ground in the collector. Besides, the increasing of collector height causes decreasing of
temperature in both the collector and the tower by the flow acceleration effect.

Figure 8 shows the temperature evolution in the collector at x = 0.025 m, for various collector
heights. The results show that the temperature evolution along the collector becomes maximal at
the entrance of the tower because of the increasing of the mass flow rate at the tower entrance.

6.1.4 Collector height effect on mass flow rate
Figure 9 displays the mass flow rate evolution versus collector height for a fixed collector radius
(Rc=5 m). The mass flow rate, first, increases. Then, it deceases after reaching a maximum value for

Hc = 0.10 m. Those results show that for a fixed value of collector radius, there is a corresponding
optimum value for collector height.
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6.2 Collector Radius Effect on The Flow Structure
6.2.1 Collector radius effect on velocity

Figure 10(a)-(c) plots velocity contours for different collector radius. The velocity field distribution
evolves uniformly along the collector and it increases at the junction to achieve the maximum value
at the axis because of the heated air particles that move by buoyancy forces effect.

5 5 [
a)Rc=2.5m Vim's) b) Rc = 7.5m
‘F 4r 12
I L 1.1
[ V(m/s) _ 10
3f 0.85 3k 09
L nes F 08
0.75 L 8
085 t gé
L 085 !
: 045 r 05
e t 04
0.25 -
- 03
T oos 1F 02
- 01
0 — 0 :_ —
SER ENEE AR AN A AT BN AN | AN NEENE TR AT AETEE AR EEE AR AR N

0 1 2 3 0 1 2 3 4 5 £ 7
(a) (b)

11 ¢) Rc=15m

| L

Fig. 10. (a)-(c) Velocity contours development in the solar chimney for
different collector radius

The velocity evolution in a cross section of the collector (r = 0.25m), for different collector radius

value is shown in Figure 11. We note that the air velocity increases proportionally versus the collector
radius.
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6.2.2 Collector radius effect on the streamline distribution

Figure 12(a)-(c) presents the Stream line development for different collector radius. We note that
the recirculation zone size increases versus the collector radius. Also (for Rc = 15 m), we observe the
development of recirculation zones at collector inlet. This result can be justified by the buoyancy
effect due to temperature gradient dominate.
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Fig. 12. (a)-(c) Streamlines distribution in the solar chimney for different collector radius
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6.2.3 Collector radius effect on the temperature field

The isothermal contours evolution for different collector radius is shown on Figure 13(a)-(c).
For Rc = 2.5 m and Rc = 7.5 m (see Figure 13(a)-(b)), we note the development of structured
isothermal contours in the collector level. For Rc = 15 m (see Figure 13(c)), we observe the
appearance of small cells created by buoyancy force effect at the collector entrance. This
phenomenon is similar to Rayleigh-Benard problem.
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Fig. 13. (a)-(c) Isothermal contours evolution in the solar chimney for different collector radius

The air temperature evolution in a cross section of the collector (r = 0.25m) is illustrated in Figure
14. The results indicate that temperature first increases within the collector radius. Then, a minim
decrease is noticed.
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6.2.4 Collector radius effect on the mass flow rate
Figure 15 shows the mass flow rate evolution versus the collector radius for a fixed collector

height (Hc=0.25 m). The mass flow rate increases until a maximum value, and then remains almost
unchanged. Correlation of the mass flow rate as a function of the collector radius is given by:

Q=-257*10" (Rc*) +1.03*103(Rc®) —1.46*10 (Rc?) +8.85*1072(Rc) + 0.0455 (13)
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Fig. 15. Mass flow rate evolution versus the collector radius (Hc=0.25 m)

7. Conclusion

The collector geometrical parameters effect has been studied numerically. The finite volume
method has been used to solve the governing equations of the flow. The model is validated using
experimental results found in the literature. We note that both the collector height and radius affect
intensively the flow behavior and the SCPP performance. The mass flow rate is enhanced by about
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27 %, for Rc=12.5m and Hc = 0.25m. When varying collector height, the mass flow rate, first,
increases; then, it deceases after reaching a maximum value. Thus, for a fixed value of collector
radius, there is a corresponding optimum value for collector height. Concerning collector radius
effect, the mass flow rate increases until a maximum value and then stabilizes. Accordingly,
increasing collector radius beyond a certain value for a given collector height is not effective in
improving the SCPP performance especially since it involves an additional investment cost.
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