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ABSTRACT: Today, energy is accepted as the most indicator of economic development. However, the
use of fossil fuels as energy sources is caused the depletion of the ozone layer, global warming and climate
change. Therefore, using renewable energy systems called sustainable energy is a remarkable step in terms
of both minimizing fossil fuel consumption and the effects of the environment on human health. In this
study, solar chimneys, one of the solar-assisted electricity generation systems among renewable energy
sources, are analyzed. A solar chimney power plant (SCPP) has been designed by considering the
environmental conditions of the Iskenderun region in Hatay province. The facility consists of collector,
chimney, turbine and generator. Sun rays entering the solar chimney from the transparent collector heat
the air. The heated air leaves the solar chimney with the effect of the pressure difference. The turbine is
placed in the chimney section where the air velocity is high. The mechanical power obtained from the
turbine is converted into electrical energy through the generator. The energy source of the system is the
sun, and the working fluid of the system is air. In the calculations, the average irradiance value of the
Iskenderun region was used and optimization of the designed SCPP was made using these values. The
optimization of the SCPP designed for the Iskenderun region is performed using numerical analysis
programs.

Keywords: Solar chimney, Renewable energy, Solar energy, CFD

iskenderun Bolgesi icin Tasarlanan Giines Baca Santrali Sayisal incelemesi

OZ: Giiniimiizde enerji, ekonomik gelismisligin en 6nemli gostergesi olarak kabul edilmektedir. Ancak
fosil yakitlarin enerji kaynag: olarak kullanilmas: ozon tabakasinin incelmesi, kiiresel issnma ve iklim
degisikligine neden olmaktadir. Bu nedenle siirdiiriilebilir enerji olarak adlandirilan yenilenebilir enerji
sistemlerinin kullanilmas1 hem fosil yakit tiiketimini en aza indirmek hem de gevrenin insan saghigina
etkileri acisindan dikkate deger bir adimdir. Bu ¢alismada yenilenebilir enerji kaynaklarindan giines
enerjisi destekli elektrik iiretim sistemlerinden biri olan giines bacalar1 incelenmistir. Hatay ili Iskenderun
bolgesinin ¢evre kosullar: dikkate alinarak giines bacali elektrik santrali (SCPP) projelendirilmistir. Tesis
kollektor, baca, tiirbin ve jeneratérden olusmaktadir. Seffaf kollektorden giines bacasina giren giines
1sinlar1 havayi 1sitmaktadir. Isinan hava, basing farkinin etkisiyle giines bacasini terk etmektedir. Tiirbin,
hava hizinin yiiksek oldugu baca boliimiine yerlestirilmektedir. Tiirbinden elde edilen mekanik giig,
jeneratOr vasitasiyla elektrik enerjisine doniistiiriilmektedir. Sistemin enerji kaynag1 giines, sistemin
calisma akiskani ise havadir. Hesaplamalarda Iskenderun bolgesinin ortalama 1s1nim degeri kullanilmis
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ve bu degerler kullanilarak tasarlanan SCPP'nin optimizasyonu yapilmistir. Iskenderun bélgesi igin
tasarlanan SCPP'nin optimizasyonu sayisal analiz programlar: kullanilarak gerceklestirilmektedir.

Anahtar Kelimeler: Giines bacasi, Yenilenebilir enerji, Giines enerjisi, HAD
1. INTRODUCTION

Considering today's climatic conditions and the fluctuating epidemic process, energy constitutes the
lifeblood of economies for developed or developing countries. In addition, the closure of countries and
the disruption of supply processes, the increasing population density cause an increase in the burden on
e-commerce, and therefore, the dependence on technology is constantly increasing. As a result of this,
problems in energy supply and the inability to meet the demand are seriously on the agenda. Also, a
bigger problem is the depletion of fossil fuels and the inability to fully improve energy sources that can
replace them (Mert et al., 2020). For this reason, serious studies are being carried out on the variety of new
systems suitable for non-traditional renewable energy sources such as solar, wind, hydroelectric and
biomass (Karami et al., 2021; Tan et al., 2022; Nassar et al., 2021; Roy and Samanta, 2021; Kog et al., 2020).
However, the most remarkable sustainable energy source among these energy sources is solar energy.
Many serious studies continue on solar energy such as solar towers, parabolic trough systems,
photovoltaic systems and combined systems. In this study, the solar chimney, which is one of the solar-
assisted electricity generation systems, is discussed. SCPP is enabled carbon-free electricity generation
leading to sustainable growth and development towards a green economy and a safer environment. It is
also used for other applications such as air conditioning, desalination, electrical power generation and
agri-food processing (Das and Chandramohan, 2020). SCPP has three basic components. These are the
absorbing ground layer, the solar collector and the solar chimney. In addition, a turbine connected to the
generator is required to convert the kinetic energy of the air into electrical energy (Das and
Chandramohan, 2020). The theoretical concept of the solar chimney plant was first developed by Hanns
Gunther at the beginning of the 19th century and the first plant was built in 1981 in Manzanares, Spain
under the supervision of J. Schlaich, and the theoretical description of the solar chimney was provided by
Haaf et al. (Haaf et al., 1983). Later, Schlaich et al. investigated the commercial and economic viability of
a large-scale plant (up to 200 MW). Apart from these, there are many studies on solar chimneys. Sing et
al. performed the CFD analysis of the hybrid PV and solar chimney, taking into account the solar radiation
of 850 W/m?, assuming zero inlet and outlet pressures. They used a solar chimney height of 3 meters and
a collector radius of 1.5 meters. They made 4 different mesh improvements and reached the maximum
number of 225820. Ultimately, the solar chimney power output of 2.258 W was obtained as the best result
(Singh et al., 2020). Nasraoui et al. designed a conventional, parallel and counter-flow solar collector to
increase the efficiency of the solar chimney. During the CFD analysis, a maximum of 300746 mesh was
used and the solar chimney inlet and outlet pressures were accepted as zero. They also accepted the solar
radiation as 880 W/m2. As a result of their studies, they claimed that they increased the system efficiency
up to 28% (Nasraoui et al., 2020). Kebabsa et al. investigated the solar chimney in two dimensions. A
power of 0.34 W was obtained from the solar chimney with a height of 12.3 meters and a radius of 12.5
meters, and they claimed that the optimum collector inlet angle was 9.1 degrees (Kebabsa et al., 2020).

Considering all these studies, there is almost no study that used the working fluid that is accepted as
compressible fluid. Besides, in most of the studies, the sun was not defined as well as the pressure
difference that would occur due to the height difference between the chimney inlet and outlet was not
defined. In this study, the working fluid was accepted as an ideal gas. The location of the Iskenderun
region, the date and time were selected and the sun was defined, the solar chimney outlet pressure was
identified to the system by calculating the pressure drop depending on the height of the chimney.
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2. SYSTEM DESCRIPTION

When designing SCPPs, the design should be made by considering many variables. Within the scope
of this study, the parameters in Table 1 were accepted as constant.

Table 1. Beginning parameters for solar chimney
h (m) R (m) a(®) B () r (m) a(m) I (W/m?2)

0.6 20 5 2 2.75 2 700

The main variables in the geometric design of the SCPP are; collector inlet height (h), collector radius
(R), collector angle (), divergent angle ({3), chimney radius (r), radius of the curve between collector and
chimney connection (a), solar radiation (I) and chimney height (H). The parameters in Table 1 were
considered constant and optimization were performed for different chimney heights. The schematic
outlook of the SCPP is shown in the Figure 1.

Figure 1. The schematic outlook of the SCPP

After the design parameters of the SCPP are identified in the numerical analysis program, it needs to
be divided into many small parts. These parts are called meshes. As the number of mesh elements
increases, the system is divided into smaller parts and more accurate results are obtained in the numerical
analysis. The mesh structure of the solar chimney is shown in Figure 2.
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Figure 2. The mesh structure of the solar chimney

On the other hand, it is as important as the number of mesh elements in which regions the mesh is
more frequent. The parameters such as velocity or temperature are shown rapidly changes in the regions
near the surface. Therefore, the mesh should be tightened in the regions near the surface. In Figure 3, it is
seen that the mesh applied on the SCPP becomes denser in a way that it consists of 3 layers in the regions
near the chimney surface.

Figure 3. Mesh structure on the chimney outlet surface

This dense mesh structure consisting of 3 layers on the chimney surface continues throughout the
collector. On the ground, the number of these dense layers has been increased to 4. The reason for this is
that high temperature differences will occur at unit distances perpendicular to the ground, unlike the
adiabatic chimney surface. The mesh structure in the air inlet area is given in the Figure 4.
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Figure 4. Mesh structure in the air inlet area

Considering the mesh properties above, for an SCPP with a chimney height of 50 m, the number of
mesh elements and the number of nodes applied on the SCPP were carried out as 1384905 and 400394,

respectively.

After the mesh structure was completed, the problem was defined in the numerical analysis program.
While making these definitions, several different methods from the literature were used. The first of these
differences is fluid selection. In many publications, the fluid has been chosen as an incompressible fluid,
but in this study, the fluid has been accepted as an ideal gas. The second difference is that in many
publications, the heat source was applied from the ground by determining an average heat flux or a
constant temperature was determined for the ground. Another difference is related to the boundary
conditions, the pressure of the air in the inlet and outlet regions of the system is defined as 101325 Pa in
many publications. Table 2 shows the boundary conditions of the system.

Table 2. Boundary Conditions

Boundary Conditions

Model features

SCPP Inlet Pressure
Ambient Temperature
SCPP Output Pressure
Ground

Collector

Chimney

P, = 101325 Pa
T, = 300K

Pout = Pin —p.g. H
Opaque
Transparent

Opaque and insulated

3. MATHEMATICAL MODEL

The energy equations should be chosen considering the boundary conditions. In this study, Navier-
Stokes and continuity equations are used to explain the flow in the x, y and z directions. The y-direction
is opposite to the direction of the gravitational force (Cable, 2009).

The momentum in the x-direction;
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a a a d P 8%u | 9%u | 9%u

57 (pw) +—(puu) + p (pvu) + —(pwu) = ——+u (ﬁ 2 @) 1)
The momentum in the y-direction;

] a ] a %y | 8%

2 (o) + 2 (o) + = (o) + 2 (pwn) = - L4 w+v) (24 22+ 2Y) ()
The momentum in the z-direction;

a a a 9 _oP a?w | 9%w | 9%w

5 (ow) + (puw) + p (pvw) + Py (pww) = — T v +v) (ﬁ t52 g) 3)
Continuous flow equation;

] ] ] _

o (ow) + 7 (pv) + - (pw) =0 4)

Shih's Realizable model is lately the most remarkable model among the three k-¢ variations for the
SCPP. This model has two important differences from the standard k-e model. It is used novel equality
for turbulent viscosity, and the dissipation rate equation is obtained from the equality for transporting the
mean square eddy fluctuation. The form of the eddy viscosity equations is dependent on feasibility
constraints and the positivity of normal Reynolds stresses as well as the Schwarz inequality for turbulent
shear stresses. The realizable k-¢ model is more suitable and accurate than standard or RNG k-& models
in predicting flows like discrete flows and flows that have complex secondary flow characteristics (Shih
et al,, 1995). In this study, the realizable k-& turbulence model was applied as a turbulence model.
Transport equations for realizable k-& turbulence model;

% (0k) + 5 (k) = ngﬁﬂ+@+%—m—m ©)

_(pg) +o- (pke,) =— [(u + £t ] +pCiSe — pCr = J_ +Cre £ €3Gy (6)

While Gk represents the generation of turbulent kinetic energy due to mean velocity gradients, Gb is
the generation of turbulent kinetic energy because of buoyancy. Also, Ywm refers to the fluctuating dilation
incompressible turbulence that contributes to the overall dissipation rate. In addition, Sc and Sk are
parameters defined by depending on the study performed. Moreover ax and a: are indicated the turbulent
Prandtl numbers for the turbulent kinetic energy and its dissipation. The eddy viscosity p; is calculated
from equation 7 (Shih et al., 1995);

te = pCu— )
The value of C,is calculated from equation 8 (Shih et al., 1995);

1

Cp=—%wr (8)

AgtAg z
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Qij = Qi — &ijpw — 264500y (10)

In the above equation, (;; is the average rate of rotation tensor which is observed in a rotating
reference frame that has an angular velocity wy,. The constants A, and Ay are as follows (Shih et al., 1995);

Ay = 4.04, A, =/6cos ¢ (11)
1 _ SiiSikSki ~ 1(0u; Ay
(p = ECOS 1 (\/g%fk) ) S = SijSij ) Sij = E(a_xi-l_%) (12)

It is seen that the €, value is a function which is depended on the angular velocity, the rotational rates
and the mean strain, its dissipation rate and the turbulent kinetic energy when considered the rotating
system. The standard value of Cp =0.09 is obtained from the solution of equation 8 for an inertial sublayer
in the equilibrium boundary layer (Shih et al., 1995):

C, = max (ﬁ (0.43)) (13)

k
v=5() (14
Cie=1.44 C:=19 ok=1.0 oe=12

Gp value for ideal gases;

_ g e 0p
Gy = ~g1 o 3% (15)
v
3¢ < -
Cse = tanh |*] (16)

k and ¢ are turbulent kinetic energy and dissipation rate, respectively.

p=po(1- BT —Ty)) (17)
0 and {3 are reference density and coefficient of thermal expansion, respectively.

The discrete coordinate model (DO) is chosen to calculate the solar radiation coming into the system.
The following equations are used in this model;

- =\ = - = s (4 - = - = ’
V-(IL(7,s)5s)+ (o, 0L (T, s)=a;\n21b;\+:—nfonl;\( r,s)®(T,s")dQ'(18)

ar, 0s, n and A are absorption coefficient, reflection coefficient, refractive index and wavelength,
respectively. The total luminous intensity in the 5™ direction is equal to the amount of spectral luminous
intensity over the wavelength bands and is written as;

I(?v?)=2kl)\(?v?)A}\k (19)
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In the SCPP, the Grashof number is expressed as;

5
Gr = 57 ATH® (20)

AT =Toy — T; (21)

Y and g represent kinematic viscosity and gravitational acceleration, respectively. The Richardson
number is the ratio of the Grashof number to the square of the Reynolds number. If the Richardson number
is over 10, forced convection; If it is below 0.1, natural convection can be neglected. Between 0.1 and 10, it
represents a mixed convection flow in which both types of convection cannot be neglected (Shih et al.,
1995).

Gr

Ri=-1 (22)
P = ~Brav? (23)
m = pAv (24)

m, p and A values are mass flow rate, density and cross-sectional area, respectively. P refers to the
power obtained from the turbine. According to Betz's law, not all of the air coming into a turbine can be
converted into kinetic energy. Up to 59.25% of the air coming into the turbine can be converted into kinetic
energy. This value is called the Betz constant and is referred to B (Setia et al., 2021).

A = R? (25)

n== 26)

IA

A and 7 represent the surface area of the floor of the SCPP and the efficiency, respectively.

Neor = -2 (27)
The commonly used expression of collector efficiency is expressed as 7.,

Menim = 5, (28)
For the efficiency of the chimney, the expression 7., is used.

Nscpp = McotMlchim (29)

Nscpp = it (30)

TIAToyut
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The expression nscpp is used for the efficiency of the SCPP.
4. RESULTS And DISCUSSIONS

Numerical analyzes were made for the SCPP with 4 different chimney heights. As a result of the
analyzes made, the velocity gradients formed in the SCPP with a chimney height of 50 meters are seen in
the Figure 5.

[mis]

Figure 5. Velocity gradient
As seen in Figure 5, the velocity reaches its highest level in the narrow section of the chimney. Again,
the pressure gradients formed in the SCPP with a chimney height of 50 meters are seen in the Figure 6.

contour-p
Static Pressure

-115

-230

-345

-460

-575

[pascal |

Figure 6. Pressure gradient
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In many studies, since the inlet and outlet pressures are the same, pressure gradients are measured as
atmosphere pressure on the ground and at the chimney outlet, and some negative pressure occurs in the
narrow section of the chimney (Nasraoui et al., 2020). In this study, a pressure difference of 575 Pa occurs
between the inlet and outlet points of the air. In Figure 6, it is seen that the pressure decreases regularly
from the floor toward the chimney outlet. These pressure values read in Figure 6 are relative pressure
values. The velocity vectors formed in the SCPP with a chimney height of 50 meters and in the narrow
section of the chimney are comprehensively shown in the Figure 7.

vector
Velocity Magnitude

712

[mis]

Figure 7. Velocity vectors

As the air enters the system at very low speeds at the collector inlet, its velocity increases rapidly as it
moves towards the collector center. As the air enters the narrow section of the chimney, it changes
direction and moves upwards. Since the air cannot change its direction suddenly at the junction of the
collector and the chimney where this direction change is experienced, the vortex is occurred and energy
losses are observed. In order to prevent these energy losses while designing, a curve with a radius of 2 m
was formed on the chimney and collector connection area. In this way, all velocity vectors are aligned
upwards in the narrow section of the chimney Since the SCPP is expanded an angle of 2 degrees towards
the chimney outlet, the air velocity decreases as one moves towards the solar chimney outlet. The
temperature distribution formed in the cross-section of the SCPP which has a chimney height of 50 meters
is shown in the Figure 8.
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As solar radiation is absorbed by the ground, an increase in temperature is observed on the ground.

Due to the increase in the temperature difference between the air and the ground, the heat transfer rate is
increased and the air temperature is started to increase in the regions near the ground.

As the air is transmitted into the center of the collector, its temperature continues to increase until it

reaches the chimney inlet. In the region below the chimney inlet, this temperature reaches the highest
value. Then, as the air rises from the chimney, the temperature is distributed homogeneously and the
average temperature remains constant throughout the adiabatic chimney. The numerical analyzes are
performed for 4 different SCPPs which have 50, 100, 150 and 200 meters height. As a result of the analyzes
made, the velocity, mass flow rate and chimney outlet temperature values formed in the narrow section
of the chimney are shown in the Figure 9.

24 - " ~700
20 - o L 600
2164 - -5
EIG ,//- 00
~— 7Y w i L ]
£12 g L 400
) g™ ~
> g - A k
8 ///,// ¢ - 300
n
44 —m— Velocity (m/s) L 200
° —e— Mass Flow Rate (kg/s)
—A— Temperature (K)
0 T T T T T T T ]0()
25 50 75 100 125 150 175 200 225
Chimney Height (m)

Mass Flow Rate (kg/s)

-301.6
-301.4
-301.2
-301.0
-300.8
-300.6
-300.4

-300.2

-300.0

Chimney Outlet Temperature (K)

Figure 9. The velocity, mass flow rate and chimney outlet temperature values formed in the narrow
section of the chimney
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The narrow section of the chimney is where the speed is highest throughout the entire system and
therefore the turbine is placed in this region. Basically, there are two main parameters that increase the
speed value. While the first of these is the collector diameter, the second is the height of the chimney.
Firstly, as the collector diameter increases, the total amount of radiation entering the system also increases.
Also, the high amount of radiation is increased the floor temperature and therefore the heat transfer rate
is heightened. In this way, after the air temperature increases, the heated air is swiftly raised. In addition,
the density of the heated air on the ground decreases and it is subjected to a force along the chimney due
to the density difference. Secondly, as the height of the chimney increases, it is observed that it is more
exposed to this force and the velocity of the working fluid increases. The lowest and highest velocity
values in the narrow section of the chimney were calculated as 6.22 m/s and 21.46 m/s for 50 and 200 m
chimney heights, respectively.

As soon as the air enters the system, the velocity of the working fluid is varied depending on the cross-
sectional area, but the mass flow rate is constant. The measured mass flow rate values at the collector inlet,
chimney outlet and narrow section of the chimney are the same. As the height of the chimney increases,
negligible changes are observed in the density value, on the other hand, although the cross-sectional area
is not changed, and the velocity value changes dramatically. Therefore, considering equation 24, it is seen
that the mass flow rate and velocity value are increased in direct proportion to each other. In Figure 9, it
is seen that the mass flow rate values formed in the narrow section of the chimney are directly proportional
to the height of the chimney. When evaluated the mass flow rate results in the graph, while the lowest
mass flow rate in the narrow section of the chimney was calculated as 172.45 kg/s at the 50 m chimney
height, the highest mass flow rate is found as 596.22 kg/s at 200 m at chimney height.

As the height of the chimney increases, it is clearly seen that the speed and flow values are increased
with the effect of the pressure difference, but the temperature values decrease. The reason for this is that
the amount of air in contact with the ground increases thanks to the rising air velocity, and more air mass
shares the heat transferred from the ground. For this reason, the amount of increase in the temperature of
the air decreases as the height of the chimney increases. The lowest and highest temperature values at the
chimney outlet are calculated as 300.45-301.54 K for 200 and 50 m chimney heights, respectively. The
power and efficiency values calculated depending on the changing chimney heights are shown in the
Figure 10.
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Figure 10. Power and efficiency values
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While calculating power and efficiency values of the SCPP, equation 23 and equation 26 are used,
respectively. Starting from equation 23, it can be said that power is proportional to the cube of the velocity
when the changes in density are ignored. As the height of the chimney increases, the velocity value is
increased and therefore the power value of the SCPP obtained is also increased in direct proportion to the
cube of the velocity. The efficiency value of the SCPP is the ratio of the obtained power to the total solar
radiation entering the system. Since the total solar radiation is not changed as the height of the chimney
increases, the efficiency value of the SCPP is changed directly proportional to the power. For this reason,
the efficiency value of the SCPP is increased in direct proportion to the cube of the speed as the height of
the chimney increases, just like the power value. Among the designs, the lowest and highest power and
efficiency values were calculated as 1.97 kW, 81.38 kW and 0.22%, 9.25% for 50 and 200 m chimney heights,
respectively. In the Table 3, some efficiency values obtained in this study are compared with the efficiency
values obtained from other studies in the literature.

Table 3. Efficiency values

Study H (m) 1 (%) Neot (%) Nchim (%) Nscpp (%)

50 0.22 30.3 0.16 0.049

This study 100 1.07 29.9 0.32 0.097
150 3.85 29.5 0.49 0.144
200 9.25 30.8 0.65 0.200

Sivaram et al., 2020 0.45 - 26.4 0.45 0.0012

Das and Chandramohan, 2019 6 - 60.5 0.025 0.0018

Al-Kayiem et al., 2019 6.65 - 64.0 - -

Xu and Zhou, 2018 194.6 - 29.4 - -

Zuo et al., 2020 194.6 - 13.5 - -

In the Table 3, it is seen that when a few studies focusing on the SCPP is evaluated, the efficiency
values of the SCPP are calculated by using different equations. In some studies, giving the collector
efficiency is sufficient, while in others, this value is multiplied by the chimney efficiency to obtain the solar
chimney efficiency. When the obtained values are compared to each other, it has been determined that the
collector efficiency is an independent value from the chimney height, but the chimney efficiency is directly
proportional to the chimney height. For this reason, as the height of the chimney is increased, although
the collector efficiency remained constant, the efficiency of the chimney and solar chimney increased.

5. CONCLUSION

The SCPP generates power thanks to the rays of the sun, which is one of the renewable energy sources.
The amount of the generated power and efficiency of the SCPP is directly related to the geometric design
of the system. In this study, the SCPP was designed for 4 different chimney heights and the design was
analyzed by means of a numerical analysis program. As a result of the analyzes:

e It was determined that as the height of the chimney increases, the velocity, mass flow rate, power
and efficiency values increase, but the temperature difference decreases.

e Another efficiency value was defined because efficiency expressions stated in other studies were
insufficient since the main reason is that the collector efficiency and solar chimney efficiency
expressions are not dependent on the power to be obtained from the system.
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e In order to obtain maximum power from the system, a turbine was placed in the narrow section
of the chimney.

¢ The highest velocity, mass flow rate, power and efficiency values obtained from the SCPP are
found to be 21.46 m/s, 596.22 kg/s, 81.38 kW and 9.25%, respectively.

NOMENCLATURE

CFD = computational fluid dynamics
SCPP = solar chimney power plant

B = Betz constant

SYMBOLS

Cp = specific heat (kJ/kgK)

m = mass flow rate kg/s)

P = pressure (Pa) and power (W)
T = temperature (K)

T, = ambient temperature (K)

v = velocity (m/s)

p = intensity (kg/m?3)

n = efficiency (%)

k = kinetic energy

e = rate of dissipation of kinetic energy
I = solar radiation (W/m?2)
SUBSCRIPTS

in =inlet

out = outlet

col = collector

chim = chimney
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