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ABSTRACT

N umerical simulations have been carried out on the solar chimney power plant systems.
This paper gives the flow field analysis for a solar chimney power generation project located in
Baghdad. The continuity, Naver-stockes, energy and radiation transfer equations have been
solved and carried out by Fluent software. The governing equations are solved for
incompressible, 3-D, steady state, turbulent is approximated by a standard K — & model with
Boussiuesq approximation to study and evaluate the performance of solar chimney power plant
in Baghdad city of Iraq. The different geometric parameters of project are assumed such as
collector diameter and chimney height at different working conditions of solar radiation
intensity (300,450,600,750 and 900 W/m?) to gain the optimal designed structure. The results
show that the change of collector diameter and chimney height has considerable effects on the
performance of the system. The velocity increase when the collector diameter and chimney
height increase and reach to the maximize value at H=D 12 m and when solar intensity (900
W/m?). The study shows that Iragi weather are suitable for this system.
Keywords: Solar chimney; Solar energy; Collector; Natural convection.
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1. INTRODUCTION

A solar chimney power plant, SCPP is a solar thermal power plant that uses greenhouse
principle (solar air collector) and buoyancy effect created by a chimney to generate a solar
induced convective flow which drives pressure staged turbogenerator(s) to generate electricity,
A traditional solar chimney power plant consists of a circular transparent canopy or roof raised a
certain height above the ground, with a chimney/tower at its center as shown in Fig. 1. The
chimney at the center houses one or more turbogenerator(s) located at its base. Ambient air from
the surrounding enters the system along the circumference of the collector roof and the ground.
Radiation from the sun penetrates the collector roof and strikes the ground surface and the
heated ground in turns heats the adjacent air from the ambient temperature to warm air
temperature at the collector outlet. The Warm air underneath the collector moves toward and up
into the central chimney as a result of buoyancy and pressure difference between the ambient air
and the warm air inside the plant. The Kinetic energy in the warm air is converted to electrical
energy using turbogenerator (s), Aja, and Hussain, 2011. Detailed theoretical preliminary
research and a wide range of wind tunnel experiments led to the establishment of an
experimental plant with a peak output of 50 kW on a site made in Manzanares (about 150 km
south of Madrid) in 1981/82. The experimental plant in Manzanares operated for about 15,000
hours from 1982 onwards. In Australia a 200MW solar tower project is currently being
developed, Schlaich, et al., 2005,Bergermann, and Partenr, 2002, and www.wikipedia.org.
Maia et al, 2009, presented a theoretical analysis of a turbulent flow inside a solar chimney.
They showed that the most important physical elements in a solar chimney system are the tower
dimensions as they cause the most significant variation in the flow behavior. An increase in the
height and diameter of the tower produces the rise in the mass flow rate and decrement in the
flow temperature. Bernardes et al. 2009. developed a validated mathematical model to estimate
the temperature and power output of solar chimneys. The maximum power can be reached when
the factor pressure drop at the turbine is equal to approximately 0.97 from the total potential
pressure. The other parameters were also involved in the study such as; distance between
absorber and ground, double cover area, water-storage system area and thickness. The results
showed that their effect was insignificant since the energy output was the same. Similarly,
Backstrom et al., 2006. found that maximum fluid power was available at a much lower flow
rate and much higher turbine pressure drop than the constant pressure potential assumption
given. Koonsrisuk & Chitsomboon, 2009. studied the ventilation efficiency of solar chimney
by comparing between five of the mathematical simulations and five of CFD simulations both
from the previous researches. Moreover, Maia et al., 2009. presented a validated numerical
simulation showed that the height and diameter of the tower were the most significant physical
variables for solar chimney design. The maximum chimney height for convection avoiding
negative buoyancy at the latter chimney and the optimal chimney height for maximum power
output were presented and analyzed by, Zhou et al., 2009. using a theoretical model validated
with the measurements of the prototype in Manzanares. The results showed that maximum
height gradually increased with the lapse rate increasing and go to infinity at a value of around
0.0098 K/ m. Walter, and Sergio,1984. described the design, construction and testing the
variation in the geometry of the chimney for solar dryer system, the results indicated that a slight
geometry modification of the chimney (convert cone keeping height constant) will increase air
velocity by a factor of 2- 3 with respect to a chimney of cylindrical shape. Bernardes et al.,
2003. developed a model to estimate the power output of solar chimneys and to examine the
effect of various ambient conditions and structural dimensions of the power output. Zhou et al.,
2007. built a pilot experimental solar chimney thermal power generating equipment in China.
They carried out a simulation study to investigate the power generating system performance
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based on a developed mathematical model. Ming Tingzhen et al., 2006. advanced a model to
evaluate the performance of a solar chimney power plant system, in which the effects of various
parameters(chimney and collector) on the relative static pressure, driving force, power output
and efficiency have been further investigated. Tingzhena et al., 2008. presented a numerical
simulation of the solar chimney power plant systems coupled with turbine. Mathur et al., 2006.
presented experimental investigations on solar chimney for room ventilation and Bassiouny,
and Koura, 2008. presented an analytical and numerical study of solar chimney used for room
natural ventilation.

In the present study we modeled a 3-D solar chimney power plant which includes the parts
of the ground, collector, and chimney together. The flow details production of plants with
different dimensions and different solar intensities are presented.

2. NUMERICAL IMPLEMENTATIONS

Advanced solver technology provides fast, accurate CFD results, flexible moving and
deforming meshes, and superior parallel scalability. Computational Fluid Dynamics (CFD)
procedures solve all the interacting governing equations in a coupled manner, albeit in a finite
framework. With a careful use of CFD, its results could be used to validate those of the
theoretical models, at least qualitatively.

2-1 Modelling in GAMBIT

For the simulation part, the model is designed by using GAMBIT 2.4.6 for this
configuration. This software is provided with the advanced geometry and meshing tools. The
functions of GAMBIT are design the three dimensional (3-D), setup the boundary condition for
each edge and faces ,and provide the meshing analysis for each configuration.

The solar chimney power plant was modeled with the following dimensions, Circular
absorber ground with the different diameter of (6,8,10 and 12 m), inclined collector angle (6 =
0°), different chimney height (6,8,10 and 12 m), chimney diameter 0.3 m and the gap between
the absorber and the transparent cover (glass) is 0.1m as shown in Fig.2.

The numerical examination of the flow behavior of air under the steady state condition was
studied at both the inlet and the chimney base where the turbine is expected to be staged. The
fluid flow calculation was simulated using FLUENT software. The buoyancy driven flow in the
system was assumed to be turbulent based on previous studies. Set up the boundary condition is
to define the situation occur at the surface condition in term of friction. Meanwhile, defining the
meshing is vital in order to discrete each part to certain section for more accuracy FLUENT’s
analysis. It is important to define model, meshing, and boundary conditions before running into
FLUENT.

Proper boundary conditions are needed for a successful computational work. After creating a
geometry which have one volume defined the specify boundary types of solar collector, solar
chimney and the base such as the wall , while the entry and exit zones type is Inlet and Outlet-
Pressure. Now The assembly is meshed using tetrahedral elements of T-grid scheme type,
Jinhua, et al., 2007. Gambit scheme with spacing interval size (0.0275) is chosen as shown in
Fig. 3, the Gambit grid generator with approximately (2-4.5) million computational cells for
different cases. No-slip condition for velocity and temperature on the walls.

2-2 Simulation with FLUENT

FLUENT solves the governing integral equations for the conservation of mass,
momentum, energy, and other scalers, such as turbulence.There are two processors used to solve
the flow and heat transfer equations. The first preprocessor is the program structure which
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creates the geometry and grid by using GAMBIT. The second post processor is solving Navier-
Stokes equations which include continuity, momentum and energy.

The set of conservation equations used by CFD are:

Mass conversion equation

0 0
o, 0

Jat  0x; (pu) =0 (1)

Momentum.

In x-direction
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The viscous medium is also taken. the analysis is carried using turbulent flow and then the
standard k-epsilon is considered and take standard wall functions near wall functions, Launder,
and Spalding, 1972. The Boussinesq approximation is used to estimate the effect of density
variation with temperature.Selecting a radiation model enables radiation heat transfer. Discrete
Ordinates (DO) was selected under this model and then selected DO Irradiation under the solar
load model .Define the solar parameters, Enter values for the X, Y, and Z components of the Sun
Direction Vector.

In the current study used different direct solar irradiation (300 ,450 ,600 ,750 ,900 W/m?)
data were obtained from Ministry of Transportation-lragi Meteorological Organization And
Seismology of Baghdad city of 8-8-2008 in the following times (7:30 , 8:15, 9,10 A.M. and
12:30 P.M.) and the sun direction vector obtained from, John, 1980.

Boundary conditions specify the flow and thermal variables on the boundaries of the
physical model. They are, therefore, a critical component of the FLUENT simulations and it is
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important that they are specified appropriately. The boundary conditions applied in this research
are those shown in Table 1., Ming, et al., 2006. Initially the first order upwind scheme was used
to get a napproximate solution. This solution is then used as the initial conditions for the second
order up wind solver.

3- SIMULATION RESULTS

In order to validate the results of the numerical part of the present work, a comparison with
the numerical study of, Rafah, 2007. was carried out. It can be seen from Fig. 4, and 5 the
absorbing ground temperature and exit velocity when using asphalt aggregates as an absorption
background, with (0.1m) periphery of collector at radiation intensities of (310,415,505 W/m?). A
good agreement with the numerical results is achieved.

3-1 Variation of the Solar Intensity and Sunlight Direction

The results of the temperature distribution and velocity vectors of solar insolation
(300,450,600,750,900 W/m?) at times of (7:15,8:15,9,10 AM and 12:30 PM) with D=12m and H
=10m regarding the solar chimney passage are presented in Figs. 6. to 11. The increase in air
velocity is very small up to about half the radius of the collector. The very steep increase is
obtained in the inner half of the collector. This trend is noticed in all solar intensities and
sunlight direction as shown in Figs. 6. and 7 The reason is the combined effect of flow area
reduction and the amount of the heat transfer from the ground to the working fluid, which
increases the kinetic energy of the flow particles. To compare the velocities of the air at the
solar collector passage for different solar intensity times (7:30,8:15,9,10 AM and 12:30 PM)
generally, it could be seen that the maximum velocity occurs in the (900W/m? ) solar radiation
intensity at (12:30 PM) and the minimum velocity in the morning with (300W/m? ) solar
intensity at (7:15AM). The numerical solution has shown that the velocity in the center of the
chimney is higher than near the wall. This is logical and in agreement with measurements of real
fluid in rounded passages.

The variations in the air temperature through the collector passage, i.e. in the radial direction
are found to be very gradually as shown in Figs. 8. and 9 for different solar insolations. The
temperature near the ground is high compared with other regions. Consequently, the density
near the walls is lower. Generally, along the collector passage, the temperature is increased but
the density and pressure decreased. It is clear from the figures that the air enters the collector at
ambient temperature and is heated as it moves toward the chimney. The temperature gradient
present in the air is steeper near the collector inlet as the boundary layer is thinner in this zone
than in regions closer to the chimney.

The development of flow in the chimney can be seen through the enlargement regions
shown in Figs. 10. and 11. The flow in the lower and middle regions is developing non uniform
flow, but in the top region is uniform fully developed flow (turbulent flow). The velocity
increases when the chimney height and collector diameter increase.

To compare the temperatures of air at the ground, collector diameter at different solar
intensity and sunlight direction, it can be seen that the maximum temperature occurs in
insolation of (900W/m?) at (12:30 Am) because the solar radiation intensity is very high
compared to other times, as shown in Figs. 12. and 13. Figures also show a strong temperature
drop at the collector center when the solar intensity is (600,750, and 900 W/m?* because the
velocity in this point is very low, which is a stagnation point.

92



Number 8 Volume 20 August - 2014 Journal of Engineering

The velocity profiles from ground to top chimney for different solar intensities, shown in
Figs. 14. and 15. The numerical results indicate that air velocity shows a large increase near
surface of the ground about (0.3m to 0.4m) chimney height and then the increase of air velocity
reduced, and the maximum velocity occur near the top of the chimney. Furthermore, the turbine
may be positioned at a higher position when the velocity is large to improve power output.

3-2 Collector Diameter Variation

The maximum air temperature differences between inlet and absorbing ground occurred at
the larger diameter due to the collector area exposed to the incident radiation with different solar
intensities (300-900W/m?), as in Fig. 16. The increase of the collector diameter means, the area
of the absorbing ground is increased and the air temperature in the system is increased too,
which result in the decrease in air density. Thereby, the static pressure in the system increased
and the driving force increased accordingly. Fig. 17. shows the computed updraft velocities at
the end section of the chimney for all test cases, as a function of solar intensity. All
distributions display the expected increasing trend with the insolation. The rates of an increase
of the velocities appear to be slightly lower as the insolation increases. Furthermore the increase
in collector diameter causes an increase in temperature so the velocity will be increased too.

3-3 Chimney Height Variation

The simulations were carried out for chimney heights of (6m, 8m,10m, and 12m). The results
show that an increase in the height of the chimney causes an increase in the pressure drop along
the chimney, causing greater mass flow rates and higher flow velocity. As observed, larger mass
flows and velocities cause a reduction in local temperature values as shown in Figs. 18. and 19.
It is clear from Figs. 20. and 21, that as chimney height increased then buoyancy force will
increase so one can anticipate increase the air velocity with increasing chimney height.

3-4 Temperature Distrbution at a Different Height Above the Ground

The distribution of air temperature at different heights above ground level are shown in Figs.
22. and 23. The variations of air temperature within the collector near the ground (h=0m), at
height (h=0. 05m) above the ground level, and at the inner glass collector surface (h=0. 1m). Air
temperatures decrease with an increase in height above ground level, which is induced by the
greenhouse effect. Solar radiation firstly heat the absorber bed, which heat the cool air nearly.
Cool air obtains heat mainly by free convection and radiation. The temperature of the ground is
higher in the region due to the storage heat in the bed, while the inner glass has a minimum
temperature because the glass acts as a bed conducting material on hard and passes most of the
radiation.

4- CONCLUTION

A theoretical analysis of the turbulent flow inside a solar chimney was presented. Flow was
modeled through the numerical solution of the conservation equations of mass, energy, and
momentum, as well as the turbulent variables transport equations. The model includes a flow
detail inside a collector and chimney. Numerical simulations were conducted in order to
evaluate the performance of solar chimney power plants with different dimensions. This
observation would be useful in the preliminary plant design. The results show:

1. The numerical results and figure of this study have a good agreement with the numerical

results of, Rafah, 2007. at the same conditions.
1. The maximum air temperature was 80.29C°, at (D=12m and H=6m).
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N

Maximum outlet air velocity was 4.91 m/s, at (D=12m and H=12 m).

3. Both, maximum air temperature and exit air velocity were at solar radiation intensity;
900 W/m?,

Almost, increasing in collector diameter leads to increased air temperature and velocity.
The increasing in chimney height leads to decreasing of air temperature but increasing in
velocity.

6. Under the lraqi weather radiation conditions, large scale solar chimney in lIraq is
recommended for a power plant.

ok~
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SYMBOLS AND ACRONYMS
D Diameter of absorbing ground m
g Gravitational acceleration m/s?
H Chimney height m
h Heat transfer coefficient W/m2k
I Solar radiation W/m?
K Turbulent kinetic energy m?/s?
p Pressure Pa
Sy General source term
T Temperature c°
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t Time S

u’, v' | Fluctuation of mean velocities m/s
\L/JV'V’ Time-average velocity m/s

u, v,w | Velocity components (X,y&z) direction m/s
A Differentive

a Absorbtance
0 Partial derivative
€ Rate of dissipation of Kinetic energy m°/s*”

0 Angle degree
p Fluid density kg/m3
u Dynamic viscosity N.s/m*
K, Turbulent viscosity N.s/m2
T Pi
0 Ambient
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Figure 6. Velocity distribution contours of the solar chimney with solar insolation
(300 W/m?) for D=12m, H=10m.
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Figure 7. Velocity distribution contours of the solar chimney with solar insolation (900
W/m?) for D=12m, H=10m.
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Figure 8. Temperature distribution contours of the solar chimney with solar
insolation (300 W/m?) for D=12m, H=10m.
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Figure 9. Temperature distribution contours of the solar chimney with solar
insolation (900 W/m?) for D=12m, H=10m.
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D=12m, H=10m.
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Figure 11. Flow felid of air in solar chimney with solar insolation (900 W/m?) for
D=12m, H=10m.
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Figure 12. Ground temperature variation from solar collector diameter at different
solar insolation for D =6m, H =6m.
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Figure 13. Ground temperature variation from solar collector diameter at different
solar insolation for D =12m, H =12m.
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Figure 14. Air velocity variation from center collector exit to chimney exit at different
solar insolation for D =6m, H =6m.

5.0

4.5 —

o

W
—
E -
— 3.0 K—/—"
= 1
E 2.5 -
L 20
15 —_' — g=300-w/m2
. q=450-w/m2
1.0 - —— q=600-w/m2
al — q=750-w/m?2
0.5 g=900-w/m?2
0.0 II T T T T T T T T T T T T T 1
0 2 4 6 8 10 12 14

Position (m)

Figure 15. Air velocity variation from center collector exit to chimney exit at different
solar insolation for D =12m, H =12m.
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Figure 17. The effect of collector diameter on updraft velocity at chimney top at different

solar insolation for H =6m.
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Figure 18. The effect of chimney height on maximum temperature different at different
solar insolation for D =6m.
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Figure 19. The effect of chimney height on maximum temperature different at different
solar insolation for D =12m.
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Figure 20. The effect of chimney height on updraft velocity at chimney top at different

solar insolation for D =6m.
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Figure 21. The effect of chimney height on updraft velocity at chimney top at different

solar insolation for D =12m.
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Figure 22. Air temperature at different heights above the ground level in the solar
collector and at different solar insolation for D =6m, H =12m.
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Figure 23. Air temperature at different heights above the ground level in the solar
collector and at different solar insolation for D =12m, H =6m.
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