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Abstract—In the shadow of increasing energy consumption, renewable energy is
the best choice for a sustainable environment. The solar chimney power plant
(SCPP) is a new technology; many researchers are paying their attention to
improve its performance. In this study, experimental and numerical studies were
used to understand the effect of the collector geometry on the SCPP performance.
The SCPP prototype under our investigation is installed in Aswan city, its chimney
height is 20m, its diameter is 1 m, and the collector is a square that has a side
length of 28.5m. Three dimensional CFD simulations were made to calculate the
temperature and velocity distribution inside two different shapes of SCPP collector.
The conclusion is that the square-shaped collector achieved higher output power
than the circular collector by 7.6 % at the same surface area exposed to solar
radiation.
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I. Introduction

Global energy consumptionis proportional to the population
and economic growth, which have a dramatic increase at
present. In contrast, the fossil energy source suffers a decline
by the time and has a harsh environmental effect. The
population growthanddepletionof fossil fuel sources are the
main challenges in the energy production field. The most

warmed by solar radiation. The solar collector has a large
transparent canopy that allows solar radiation to enter the
collector. The canopy and ground of a collector make
multiple diffusion and reflection of solar radiation, which
increasestheheatabsorbed by air (works as a greenhouse).

p’:

chimney

promising solutionis extending the usage of renewable energy f
sources. Consequently, renewable energy gradually will be our

primary sourceofenergy. The solar chimney power plant is a t
new technology that utilizes renewable energy sources to solr

radiation Turbine

produce electricity, for achieving its goals; it uses the
combination of solar heating and chimney effect [1].

ambient

In the past, they used the solar chimney for ventilation or
drying cropsthat comprise solar collectors and chimney. Still,

recently, it is used for electricity production by installing a
turbine inside a solar chimney system. Figure 1 shows the base
constructionofthe solar chimney power plant. The operation
of the SCPP carried out by a simple principle: ambient air
enters peripherally to the solar collector where the air is
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Figure 1. Schematic diagram of SCPP

The temperaturedifference between the bottomand top of
the chimney creates the density difference that generates the
driving force (buoyancy). Additionally, the change in density
because ofachangein altitude increases thebuoyancy force.
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The difference in density between the air inside the chimney
and the ambient air generates a pressure potential according to
the law of buoyancy that causes the flow through the solar
chimney. Wind turbine, which captures most of the kinetic
energy of the air can produce sufficient mechanical power.
Then, it transfers the mechanical power to the generator that
converts to electrical energy.

Many studies were performed using computational fluid
dynamics techniques (CFD) for studying the physics
phenomenon of SCPP. Muhammed et al. [2] optimized
geometry construction of all the working units of SCPP by
CFD software (Ansys Fluent). The validation of this analytical
model is done by comparing the experimental data of
Manzanares, Spain plant. Additionally, Vieira et al. [3]
presented the influences of the collector inlet height and the
chimney outlet diameter on the power of the device to show
the applicability of the SCPP geometric optimization by
studying a numerical model. Both above researchers used
classical turbulence modeling (RANS) that was used for the
turbulence approach with the standard k—& model. Because of
these studies, it is now possible to make a more accurate
decision on consistent dimensions for a solar chimney plant
using CFD software. Hassan et al. [4] used the CFD analysis of
SCPP to illustrate the effects of the collector's slope and
chimney divergence angle on the performance of the
Manzanares prototype.

In 1981, Schwarzand Knauss designed the turbogenerator
for the pilot plant in Manzanares. For this purpose, a single
verticalaxis turbine layout without inlet guide vanes was used
[5]. Onthe otherapproach, Gannonetal. [6] proposeda single
rotor with inlet guide blades approachfora large-scale turbine
for solar chimney application. A three-step turbine design
method, which is adapted fromgas turbine literature, has been
presented. Firstly, the major turbine dimensions were
calculated by using a free vortexanalysis method. Secondly, a
matrix through flow method predicted theairflow path through
the inlet guide vanes androtor. Finally, the blade profiles were
designed using an optimization code coupled to a surface
vortexmethod to determine turbine blades of a minimum chord
and lowdrag. The proposed turbine design can capture over
80% of the fluid power available [7],[8].

Fluri et al. [5] compared the performance of various layouts
for the turbo generator proposed by the previous researchers.
Furthermore, they showed that these slight changes in the
modeling approach have a significant impact on performance
prediction. They concluded that the lowest performances are
related to the single rotor withoutguide vanes; the efficiency of
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the other three layouts is much better and lies in a narrow
band. At relatively low rotational speeds, the performance of
counter-rotating rotors layouts has the highest peak
efficiencies, which leads to an undesirable higher torque for
the same power output.

Jafarifar et al. [9] showed that strong ambient crosswinds
could affect the performance of an SCPP by comparing the
effect of weather conditions of the Orkney Islands in Scotland
and Manzanares in Spain through numerical modeling. Their
results showedthat strong and steady winds could improve
the performance ofan SCPP. As aresult,asolarchimney is a
suitable option for not-too-sunny but windy weather
conditions. On the other hand, Ming et al. [10] studied the
effect of ambient crosswindin the performance of the SCPP.
The resulting trend of the performance curve showed that
externalambient crosswind has non-linearly proportional with
performing SCPP that lead to optimization issue.

Kasaeian et al. [11] also studied the effect of the weather
conditionby testing an SCPP prototype with 10 m collector
diameter and 12 m chimney height. After design and
installation, measurement of the temperatures and air
velocities inside the SCPP has been done. The measured
results showedthat theairvelocity increases with increasing
solar radiation on both cold and hot days froma minimum
point,and afterawhile, it is broken by the collector warm-up.
After the breaking of the increase in air velocity, a steady
airflow inside the chimney would appear. Later, similar
results were achieved by [12].

Making 3D simulation forthe whole SCPP systemhas some
complexity because it has many physical phenomena: rotating
frame in turbine zone, radiation heat transfer in collector and
heat storage in the ground. Guo etal. [13] simulated the SCPP
by athree-dimensional CFD model to investigate the effects
of solar radiation, turbine pressure drops, and ambient
temperature onsystemperformance and they used the turbine
model. On the other hand, the whole SCPP unit with the
turbine has been modeled by [14], which has the power output
and the turbine efficiency of 10MW and 50%, respectively.

In this study, the 3D model of the whole SCPP with the
turbine and radiation model is carried out to study velocity
and temperature distribution inside collectors that have the
square and circular shapes. To achieve that purpose, authors
use ANSYS CFX software forsolving the governing equation
with the k-omega turbulence model and validate calculated
results by comparing it to experimental data of the Aswan
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prototype. The instantaneous temperature distribution for the
solar collector at different sections is measured during a given
period. Finally, the two shapes of the solar chimney collectors
are compared.

I1. EXPERIMENTAL PROTOTYPE

Asolarchimney power plantis a unique solar plant based
on the thermal conversion for electrical energy productions.
Hot and dry weather is essential for the SCPP. Egypt has a
significant advantage because of its hot weather and desert land
availability. Egypt enjoys a solar ray for very long times that
reaches 2,900to 3,200 hours of sunshineannually with annual
direct normal energy density 1, 970 to 3,200 kWh/n? [15],
which can produce technically solar-thermal electricity-
generating over 73.6 Peta-watt hour (PWh). The above weather
terms encourage both the Science and Technology
DevelopmentFund (STDF) of Egyptand the Federal Ministry
of Educationand Research (BMBF) of Germany to establish a
solarchimney power plant prototype as a jointly funded project
[16].

A small-scale solar chimney, shown in Figure 2, was
constructed with an inside diameter of 1 mand a height of 20
m. The chimney is manufactured from two steel tubes of a
thickness of 0.8 x10"° mand connected. The collector base is
square 0f28.5mx 28.5m side length. Thecollector section was
openedat ground levelaround its outer edge by approximately
1.25 m, to allow the airflow into the system. The collector steel
structure is fixed on 36 pillars set on concrete bases. The height
of the pillar at the inner core is 1.5mwhile its height is 1.25m
at the outer rim. The roof is made of a 4 x10°® m thick clear
glass square panels (1.48m x 1.48m) that is supported on the
steelframework. The glass panels are rounded by the EPDM
rubber (Ethylene Propylene Diene Monomer) for glass
protection and preventing air leakage. The maximum service
temperature of this rubber is 150 °C [17]. The ground surface
layerwas covered by sandto increase theabsorption of incident
solarradiation. The bottomend of the chimney was bolted on
top of a steel-structured supported on a concrete base [18].

Figure 2. Aswan solar chimney power generation
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The turbine of five blades is designed according to the blade
element theory. The BW-3 airfoil is suitable for the low
velocity ofairflow for the presentstudy. A 300-Watt generator
of maglev type is coupled with the turbine hub. Figure 3(a)
shows the turbine-generator unit outside the chimney, and
Figure 3(b) shows the unit inside the chimney.

(b) Inside the chimney

Figure 3. Turbine-Generator Unit

To obtain comprehensive data on the performance of
the solar chimney system, temperature sensors were placed in
three sections; one sensor is placedat the inlet ofthe collector
at the middle of its height, three sensors were placed at the
centerofthe collector (nearthe glass, at themiddle and at the
ground). Five temperature sensors were placed equally spaced
at the exit of the collector vertically to measure the
temperature distribution fromthe ground to underneath the
glass ofthe collector. The laser sensor has beenplaced below
the turbine blade to measure the rotational speed and
connected wireless to the server. The temperature sensors
were calibrated using thermocouples and the RPM sensor
using a digital RPM measuring device. A view of these
sensors is shown in Figure 4.
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Figure 4. The schematic diagram for the whole system
measurement

I11. NUMERICAL MODEL

Principles of solar chimney power plants depend on many
physical phenomena such as heat storage, turbomachinery, and
radiation heat transfer, which increase the level of the
complexity of analyzing the system. However, computational
fluid dynamic (CFD) has the ability for simulation and studying
the whole solar chimney system, as mentioned in the literature
reviewsection. We use ANSYS CFX version 18.1 to solve the
governing equations of a solar chimney system. ANSYS CFX
version 18.1 solves the conservation equation of mass,
momentum, and energy with the K-omega turbulence model.

As apre-stepofthe grid generation, 3D geometry of the solar
chimney prototypeis drawn using SOLIDWORKS version 2017
according to a prototype, which was implemented in Aswan,
Egypt, as shownin Figure 5. The geometry of SCPP in Figure 5
is divided into three zones: the first zone is the fluid section that
has ablue color, the secondzone is the ground sectionthat has a
brown color, and the third zone is the glass cover of the collector
that has a green color.

Figure 5. Three-dimension geometry of solar chimney
prototype
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This division process gives us the ability to use different
materials domain on the ANSYS CFX model. Additionally,
similar methods are applied for creating a collector having a
circular shape.

Then, ANSYS Workbench Meshing software is used for
creating the CFX grid for different zones of the prototype,
except for the turbine domain; we used the TurboGrid
program. The turbine domain needs a more beautiful network
because it includes the rotating blade. The rotation of the
turbine blade givesrise to the highintensity of the turbulence
in the flow field.

To calculate radiation heat transfer, we use two radiation
model: P-1 model solve the fluid domain and Monte Carlo
model solve the solid domain as Surface-To-Surface
configuration. The buoyancy phenomenon has an enormous
effect on the solarchimney system, so the buoyancy model is
used. The interface between the turbine domain that has the
rotational motion with collector and chimney domains
involve the sliding mesh. We should apply a frozen rotor
modelto solve this sliding mesh. The K-omega based Shear-
Stress-Transport model (SST)was also used because of the
treatment ofthe near-wall conditionat low-Reynolds number
computations.

One ofthe great features of the K-omegaturbulence model
is that the model does not involve the complex nonlinear
damping functions required for the K-g¢ model and is,
therefore, more accurate and more robust. A low-Reynolds
K-& modelwould typically require a near-wall resolution ofy
<0.2, while a low-Reynolds nhumber K-omega model would
need at least y <2. It allows for a smooth shift froma low-
Reynolds number formto a wall function formulation [19].

The accuracy ofthe simulationmodelresults substantially
depends on the input boundary conditions. Table 1shows the
location and value of the used boundary condition in the
Aswan SCP model. The height ofthe chimney is considered
by evaluating the change of atmospheric pressure with height
as well-known that the flowinside the chimney follows up a
dry adiabatic lapse rate. Direct radiation and rotational of the
turbine are taken from experimental data, because of
continuously changing with time. The surface of the ground
that contact with air-exposed to solar radiation is less than the
outer cover surface by glass transmissivity. To clarify the
different performance of collectors within various shapes, we
use the boundary condition in Table 1 for two CFD models.
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Table 1. the boundary condition of the CFD models

Value
latm
0.9967 atm
(adiabatic
lapse rate)
Rotation
speed from
experimental
Direct
radiation
from
experimental
Direct
radiation
the surface between from
collectorairand Interfac.e surface, a experimental

Radiation source

ground *
transmissivity
of glass

Location
Inlet of collector

Boundary type
Opening

Outlet of chimney Opening

Rotational farm

Turbine domain

The outersurface
of the glasscover

Wall, Radiation
source

IV. RESULT AND DISCUSSION
A.  Theoretical result

Computational fluid dynamic (CFD) is a powerful tool to
analyze a physical system, so, we used ANSYS CFX software
for simulation solar chimney power plant that is implemented on
Aswan city. For checking the accuracy of the calculated results,
we compared it with the experimental results. Figure 6 shows the
verticaltemperaturedistribution at the exit of the collector, and
Figure 7 shows the vertical temperature distribution at 7.125 m
(middle) of the collector. The average of the calculated result has
a considerable agreement with the measured result in Figure 6
and Figure 7.

120
Calculated Result
100
Measured Data
an

Temperature, *C

0.200 0.400 0.600 0.800 1.000 1.200 1.400 1.600
Radial position at the exit

Figure 6. The temperature at the exit of the collector
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Cakllated Result

Méasured Data

Temperature, °C

Radial posit C;;Eﬂhé mi :I_:I e
Figure 7. The temperature in the middle of the collector

As mentioned, the collector has two common shapes:
circularcollector and square-shaped collector, for studying
the more efficient shape, we made the CFD model for both
shapes. Table 2shows thecalculated results of both shapes of
the collector.

Table 2. CFD results of circular and square collectors

Circular Square | Percentage
collector | collector
Geometric inlet 151.55 171 11.4%
area, m’
Effective inlet 101.026 144.3 30%
area, m’
Mass flowrate , 13.4487 14.0507 4.3%
Kg/s
Outlet 45,124 44.441 -1.5%
temperature of
collector °C
Output power, W 329.237 356.151 7.6%

The geometric calculation shows thesquare shape collector
increasestheinlet area by 11.4 % than the circular collector.
The airflow isn't a uniform distribution on the inlet area
because of low inlet air velocity, the reverse airflow takes
place on the geometric inlet area, and the effective inlet area
presents theoriginal part of ageometric inlet area that allows
the airflow inside the collector. The square collector increases
the effective inlet area by approximately 30% at the same
inlet height, the mass flow rate of square shape is
consequently increased by 4.3 %. However, solar radiation
exposed to the same surface area in both cases, but the
circular shape achieves 0.683°C higher thanthe square shape
collector of the average exit temperature. Due to the increase
in the mass flowrate, the output power that produces gains by
7.6 % based on the square calculation results.
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Using a velocity vectortoolin ANSYS CFX-Post, we can get
more analysis ofthe air velocity inside the collector. Figure 8
shows the velocity vector field at height 0.65 m from the
ground (approximately mid-span) and the radial direction of
the velocity vector field of the square collector. Figure 8 shows
the shortest radial direction fromthe mid-span of the square
side to the center of the collector and also the longest radial
direction fromthe corner ofthe square sideto the center of the
collector. It is different because of the different airflow path
length.
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Figure 8. Velocity vector inside the square shape collector
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The velocity distribution has a considerable effect on creating
temperature distribution inside the collector. Figure 9 shows
the temperature contour at approximately mid-span fromthe
ground (the same plane of the velocity vector) and the radial
direction of the temperature contour of the square collector.

s

Figure 9. Temperature distribution of the square collector

For demonstrating the difference of the performance
between the circular shape and square shape collectors, we
follow a similar pattern of the calculated result for the circular
shape collector. Figure 10 shows the velocity vector field at
height 0.65 m from the ground (approximately mid-span) and
the radial direction of the velocity vector field of the circular
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collector. The airflow suffers fromhigh turbulence, and some
reverse flowat the inlet, as shown in Figure 8 and Figure 10,
both of these paths have the same length. However, the
longestpaths fromcornersto thecenter of the collector have
more smooth airflow at the inlet area, as shown in Figure 8.
Consequently, the square shape collector achieved a more
substantial mass flow rate of air.

[a]

ANSYS
Velocity in Stn Frame Wi
Vector 1

! 0.671

0.503
0.336

0.168

0.000 I—o

[m sA-1] o gt gy a0

Figure 10. The velocity vector of the circularshape collector

Figure 11 shows the radial direction of the temperature
contourofthe circular collectorand the temperature contour
atapproximately mid-span fromthe ground (the same plane
of the velocity vector). The temperature distribution inside the
circular shape collector is exceedingly regular, as shown in
Fig 11-a. The turbulent flow assists in increasing the heat
transfer by increasing the length of flow streamline and
mixing processes of a laminate of the fluid. However, the
square shape collector has a more turbulent flow pattern, as
shown in Fig.9, it achieves less the average exit temperature
of the collector by -1.6 % than the circular collector, because
of the higher mass flow rate.

Figure 11. Temperature distribution of the circular shape
collector
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B. Experimental result

Heat transfer process inside the solar chimney collector
carried out by combining radiation and convection heat
transfers. There are five temperature sensors placed vertically
and equally from the ground to the inner glass panel for
showing the temperature distributionin Figure 10. The general
trend of the temperature distribution shows that the ground
temperature is the highest temperature among the others, and
this agrees to the theoretical steady-state analysis [20].

By carefully looking at Figure 12 and some samples of the
instantaneous temperature distribution at the exit of the
collector at the ground (Section 1), 0.375 m fromthe ground
(Section 2), 0.75 m from the ground (Section 3), 1.125 m from
the ground (Section 4) and belowthe glass panels (Section5) is
selectedat two different times, one at noontime and the other
one at midnight.

----- ground
75 Cm from the ground
below the glass

37.5 Cm from the ground
112.5Cm from the ground

Figure 12. Transient temperature distribution at the exit plane
of the collector

Figure 13 shows the maximum temperature occurs belowthe
glass panels at noontime due to the heating of solar radiation,
and it reached to 50.5 °C and decreased to 46 °.C. at the
ground.

55

wn
=

Local temperature |, °C

Collector exitsection

= = = Midnizht MNogn  m==e=- 4:00 PM

Figure 13. The localtemperature at a different time at collector
exit
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At midnight, the minimum temperature is 29 0.C. below the
collector, and the maximumone is 32 0.C. at the ground. This
switch of maximum temperature between the ground and the
roofindeed happens because of the heat storage effect in the
ground at night and solar radiation at noon. In other words, a
result of direct radiation heat transferand heat storage in the
ground takes place inside thesolar chimney collector. At 4:00
PM (middle between noontime and midnight), the
temperature belowthe glass and the ground temperature are
the same that reach 45.8 °C; meanwhile, the temperature at
0.375 m below the collector cover records to be 43 0C. The
reduction ofthis temperature may cause by the high local air
velocity at this moment.

V. CONCLUSION

Solar chimney power plant (SCPP) produce electricity by
combining the solar air heating and chimney effect. The
complicated heattransfer process takes place inside the solar
chimney collector, ANSYS CFX v18.1 is used to make the 3d
simulation ofawhole SCPP. To validate the theoretical resul,
the experimental work is carried out by the SCPP prototype
that is implemented in Aswan-Egypt. The local temperatureis
radially measured at the exit and middle plane of the square
collector. The theoretical and experimental results showed a
good agreement. The experimental results showed that the
energy gains an exchange between the ground and collector
roof,dependingon thetime of solar radiation. This switch of
the energy results fromswitching between direct solar heating
and heat storage of the ground. The CFD results present the
distribution of velocity and temperature for studying the
square andcircularshape of collectors. The conclusion that
the square collector achieved higher output power than the
circularcollector by 7.6 % at the same surface area exposed to
solarradiation;additionally, the rectangular shape causes a
turbulentflow pattern due to change in flow stream lengths
that assists in improving the heat transfer process.
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