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The sun is an abundantly available and clean renewable energy source. Therefore, solar energy offers significant potential for
mitigating climate change and reducing emissions from burning fossil fuels in the future. Solar chimney power plants (SCPPs)
have a technical capability for meeting the massive sustainable power production. Basic parts of SCPP system are the chimney,
turbine, and collector. The geometric dimensions of the components are the crucial factors for improving the solar chimney
efficiency. The goal of this work is to analyse the influences of the inclination angle (θ) at chimney inlet on performance
characteristics of the system by employing RNG k − ε turbulence model coupled with discrete ordinate (DO) solar ray tracing
method via ANSYS Fluent CFD software. The model is built by taking into consideration geometric parameters of Manzanares
plant and verified with its measurements. The innovative chimney entrance configurations are produced by altering the
chimney entrance slope (θ = 50°–80°) with the geometrical dimensions of the chimney, collector, and fillet keeping constant.
The computational results display that the new chimney configurations improve the maximum velocity, system power output,
and turbine pressure drop. The peak velocity of 18.1m/s is gained for the configuration with θ = 80° compared to that of
14.3m/s obtained for the base model having θ = 45° at 1000W/m2. Besides, this configuration enhances power output to
61.5 kW with a rise of 24.5% compared to the base model with a power output of 49.1 kW at 1000W/m2.

1. Introduction

Renewables including solar, wind, hydropower, tidal, geo-
thermal, biomass, and wastes are of key importance to solve
global challenges related to climate change and an increase
in energy demand owing to high population in the future
[1, 2].

Solar energy is capable of supplying safe, clean, sustain-
able, and plentiful energy for producing heat and electricity
for a wide variety of industrial applications and buildings
[3, 4]. In recent years, the solar chimney technology has been
developed to meet massive energy needs from the sun [5, 6].
Basic elements of the solar chimney power plants (SCPPs)
are the chimney, collector, and turbine. The chimney gener-
ates pressure difference owing to its long cylindrical shape.
This leads to upward-moving air from the chimney entrance
to the chimney outlet. The greenhouse effect induced by the

collector with the semitransparent roof is also contributed to
upward air motion towards the chimney. Namely, solar radi-
ation transmitted to the ground throughout the transparent
glass or film canopy augments temperature of the air under
the collector, which causes buoyancy-driven convective flow
in the solar chimney owing to density difference between
cold and hot air. Besides, a variety of high thermal energy
storage materials like concrete and ceramic under the collec-
tor are used to generate uninterrupted power during night-
time and cloudy-sky days. With all of the effects, the warm
air moves into the chimney with fast speed. Therefore, the
turbine is situated around the chimney inlet. The increased
air’s kinetic energy is changed into mechanical energy at
the turbine and eventually into electric energy employing
an appropriate generator [7].

The geometric feature variations of the solar chimney
parts influence the flow and output power in the SCPP
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system [8–13]. The height and radius of the collector and
chimney are basic dimensions of the plant. In addition, the
divergent and convergent solar chimney shapes influence
performance characteristics of the solar chimney. Recently,
several research works have been conducted on the impacts
of various chimney shapes on air fluid behaviour and the
plant efficiency. Nasraoui et al. [14] analysed the impact of
various chimney configurations including cylindrical (small
and wide) and divergent (conical and hyperboloid) chim-
neys with different DR ratio (outlet diameter/inlet diameter)
on fluid flow characteristics and performance of SCPP by
using ANSYS Fluent. They found that the solar chimney effi-
ciency augmented chimneys with divergent geometry and
the highest power output was provided with hyperboloid
shape chimney configuration for DR = 8. It was also shown
that velocity distribution along the chimney length was more
uniform with the small diameter chimney in comparison
with the large diameter case. Cuce et al. [15] investigated
the impacts of various chimney configurations generated
by changing the outlet radius of the chimney with fixed for
various AR (outlet area of chimney divided by inlet area of
chimney) ranging between 0.5 and 10. Their results obtained
with RNG k − ε turbulence model demonstrated that the
case with AR = 4 1 elevated the SCPP efficiency of 0.83% at
the highest power output of 168.5 kW compared to the pro-
totype plant in Spain. Besides, Cuce et al. [16] performed the
effect of the slenderness (height of chimney/diameter of
chimney) ranging between 3 and 40 on performance charac-
teristics of the system utilizing same turbulence model in
ANSYS Fluent software. Their results illustrated that the
configuration with the slenderness value of 8 provided the
highest power output and elevated efficiency considerably
compared to reference case built on the Manzanares plant.

The existence of a fillet before the chimney inlet has a
vital role in the direction of the airflow in the solar chimney.
The modification of the fillet geometry influences the flow
field structure of the chimney entrance. An efficient fillet
shape is required to improve flow acceleration around the
turbine. Aziz and Elsayed [17] suggested six different fillet
configurations to enhance flow field at the chimney
entrance. Their findings indicated that the flow separation
has a major effect to augment air velocity at the chimney
inlet. Praveen [18] established a 3D solar chimney model
using the dimensions of the Spanish plant to examine the
impact of various fillet sizes (0.5m-3m) having a fixed angle
of 45° at the chimney base on the power production features
of the plant. The results indicated that the configuration
with a 2.5m depth of the fillet significantly augmented the
maximum average velocity, pressure drop, and output
power, and thus the plant efficiency compared to other fillet
shapes and the no-fillet case.

Based on the available literature, the main conclusions
are that there are many numerical works related to the
impacts of the primary dimensions (height and width) of
the plant on the flow and performance features of the solar
chimney system, but there is no sufficient information avail-
able about the chimney entrance dimension impact on the
efficiency of power production of the system. The current
work is unique in that it aims to establish a 3D CFD model

to assess the influence of the different chimney inlet geome-
tries generated by changing inclination angle θ (50°–80°) on
power production of the SCPPs. Modification of θ at the
chimney entrance can provide an opportunity to induce
high velocity near the chimney base. The current work
answers this gap. Therefore, the CFD results will make an
original contribution to improving the solar chimney design
to maximize output power.

2. Materials and Methods

2.1. Modeling of SCPP. Performance analysis of the SCPP is
conducted using the fundamental dimensions of the Manza-
nares plant in Table 1.

The thicknesses of the ground, collector, and chimney
are 0.5, 0.004, and 0.00125m, respectively [20]. Three-
dimensional (3D) computational model is produced in
ANSYS DesignModeler. Figure 1(a) demonstrates the sketch
of the SCPP model, boundary conditions, and inclination
angle (θ). By taking advantage of planar symmetry, 15°

CFD model is employed to reduce the computational time
of the numerical analysis.

The grid is generated employing ANSYS Meshing in
Figure 1(b). The unstructured tetrahedral mesh is applied
for the numerical simulation because this grid is more
appropriate and effective for the complex geometry and gen-
erated with fewer cells compared to the hexahedral mesh. A
growth rate of 1.2 is specified to adjust the mesh transition
between the layers of tetrahedral elements. The quality of
the mesh is evaluated in terms of different mesh quality met-
rics such as the orthogonal quality, skewness, and aspect
ratio. In this study, the minimum orthogonal quality value
is 0.22; maximum skewness and aspect ratio values are
0.93 and 10, respectively. They are within acceptable range
[21, 22]. Most of the orthogonal quality and skewness values
have a very good range of 0.7-0.95 and an excellent range of
0-0.25, respectively. Thus, the overall quality of the grid in
this study is considered to be good.

Changing chimney, collector, and ground (absorber)
geometry of SCPP of Manzanares is active research area to
enhance thermal performance and power generation of
SCPPs. Mandal et al. [11] studied different chimney and
ground shapes by altering chimney divergence angle ϕ
(-0.75°-3°), ground slope angle of absorber γ (0°-0.6°), and
chimney outer diameter (sudden expansion and contradic-
tion). Also, they presented different absorber geometry like
a stair-shaped [12] and wavy triangular [13].

In the study, the new chimney geometries are generated
by altering chimney entrance slope (θ = 50°-80°) as shown in
Figure 2.

Table 1: The CFD model dimensions [19].

Geometrical parameters Value

Roof height 1.85m

Roof radius 122m

Chimney height 194.6m

Chimney radius 5.08m
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The fillet is a 45° angle. The size of the chimney, collec-
tor, and fillet remains fixed for all configurations as shown
in Figure 2. Elevating θ causes reducing chimney entrance
area. The innovative configurations in Figure 2 have not

been considered before by researchers for assessing the per-
formance of SCPP.

Air inside the SCPP system is presumed to follow the
ideal gas law. The flow is steady state, incompressible, and
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Figure 1: (a) Computational model, boundary conditions, and inclination angle; (b) grid structure of the model.

45°

(a)

50°

(b)

60°

(c)

70°

(d)

80°

(e)

Figure 2: The schematics of the new configurations with different inclination angles: (a) the base, (b) 50°, (c) 60°, (d) 70°, and (e) 80°.
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turbulent. Due to minor density alteration in the system
[23], the Boussinesq model is preferred to evaluate the air
density (ρ) in the CFD study [10, 13].

ρ − ρa g ≈ −ρaβ T − Ta , 1

where β is thermal expansion coefficient and ρa and Ta are
the ambient density and temperature, respectively. ρa =
1 2046 kg/m3.

The conservation equations [24] together with the tur-
bulence and discrete ordinate (DO) radiation models are
discretized using the computational grid and solved utilizing
ANSYS Fluent solver based on finite volume method.

The continuity equation is as follows:

∂
∂x

ρu + ∂
∂y

ρv + ∂
∂z

ρw = 0 2

The momentum equations are as follows:
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The energy equation is as follows:

∂
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= λ
∂2T
∂x2

+ ∂2T
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4

RNG k − ε turbulence model is chosen to estimate the air
flow in the solar chimney. This model takes account of the
effect of swirl on turbulence to make accurate predictions
of swirling flows [22]. The researchers [15, 16, 20, 22, 25,
26] found that the model predictions were consistent with
the measurements taken from the Manzanares plant.

The kinetic energy (k) and dissipation rate (ε) equations
of this model are as follows [27]:

∂
∂xi

ρkui + ∂
∂t

ρk = ∂
∂xj

μeffαk
∂k
∂xj

+Gk

+Gb − ρε − YM + Sk,

∂
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+ C1ε
ε

k
C3εGb +Gk

− C2ερ
ε2

k
− Rε + Sε

5

Discrete ordinate (DO) radiation model in ANSYS Flu-
ent is employed for solving the radiative heat transfer equa-
tion since this model is appropriate for a semitransparent
collector [11, 12].

∇ I r , s s + a + σs I r , s

= an2 σT
4

π
+ σs
4π

4π

0
I r , s ′ ϖ s s ′ dΩ′,

6

where I is the radiation intensity; r , s , and s ′ denote the
position, direction, and scattering direction vectors, respec-
tively; a and σs present the absorption and scattering coeffi-
cients, respectively; and n, ϖ, and Ω′ are the refractive index,
phase function, and solid angle, respectively.

The ray tracing approach is chosen for the solar load
model due to the highly efficient method for employing solar
loads in the energy equation. The solar calculator is used to
determine the position of solar radiation for the specified
time-of-day and date to stimulate Manzanares condition
[25]. Latitude and longitude are specified as 38.99° north
and 3.37° west, respectively.

The characteristic of the flow in the solar chimney sys-
tem is estimated by Rayleigh number (Ra), a dimensional
parameter defined as follows [28]:

Ra = gβΔTL3

αν
, 7

where g is acceleration owing to gravity, ΔT presents tem-
perature difference, L is the collector height, and α and ν
are the thermal diffusion coefficient and kinematic viscosity,
respectively. The material properties of the system compo-
nents are given in Table 2.

SIMPLE solution method is utilized for a pressure-
velocity coupling in ANSYS Fluent. The gradient is com-
puted by setting Green-Gauss cell-based method, and
PRESTO spatial discretization method is selected for pres-
sure whereas the discretization scheme is second-order
upwind for momentum, turbulence, energy and discrete
ordinates. The convergence criterion is set as 10−4 for the
all equations. A solution is considered to be converged when
all of scaled residuals are less than these numbers.

2.2. Performance Parameters. The mass flow rate of the air,
across the plant, is expressed by the following [22]:

m = ρQ, 8

where Q is the air volume flow rate. The turbine pressure
drop (ΔPt) is obtained as shown in the following equation
[15]:

ΔPt = rtPt , 9

where the pressure drop ratio of the turbine (rt) equals 2/3.
The average pressure at the turbine Pt in Equation (9) is
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determined using the calculation results. The turbine is con-
sidered to be installed 9m above the ground [29]. Power
output Po is determined by the following equation [29]:

Po = ηtQΔPt , 10

where ηt is the efficiency of the turbine and ηt is taken to be
0.8 [30].

2.3. Boundary Conditions. The boundary conditions applied
to the surfaces of the SCPP are given in Figure 1(a). The air
is flowing through the collector inlet at 293.15K, which is
imposed as the pressure inlet boundary condition. At the
chimney outlet, the air leaves the system at 293.15K, which
is considered as pressure outlet boundary condition. The
atmospheric pressure is set at the inlet and outlet. The adia-
batic wall boundary condition is assigned to surface of the
chimney by setting heat flux (q) to 0W/m2. The ground wall
is assumed as an opaque wall. The convection thermal
boundary condition is employed for the collector surface,
and heat transfer coefficient (h) is fixed to 10W/m2K [15].
The collector is considered as semitransparent. Ambient
air temperature is 293.15K. In order to reduce computa-
tional cost, the symmetry boundary condition is applied at
two surfaces as shown in Figure 1(a).

2.4. Grid Independence Study. To provide the accurate pre-
diction of airflow in the system, mesh independence check
is carried out with three grid sizes consisting of 210210
(G1), 314433 (G2), and 412501 (G3) elements.

The calculated maximum velocity values for three mesh
sizes are given in Table 3. The percentage change in the
maximum velocity between G1 and G2 is 3.46% while that
between G2 and G3 is 0.35% in Table 3.

The comparison of the previous results in literature [15,
16, 19–21, 23, 29, 30] indicates that G3 can be considered the
grid-independent, and thus, this grid is selected for the
remaining simulations.

2.5. CFD Model Validation. The model verification is made
in comparison to the model predictions with the measure-
ment results of the Spanish solar chimney plant [31] and
computational results in the published literature [29, 30,
32, 33] as shown in Figure 3.

Compared to the previous works, the calculated maxi-
mum velocity (Vm) values are quite consistent with the
experiment at 800 and 1000W/m2 as shown in Figure 3.
The highest error between the experimental and estimated
values is 6.4% at 800W/m2. Besides, satisfactory agreement
between the present numerical simulation and the computa-
tional results is gained by Mebarki et al. [29] and Cuce et al.
[30] at 600-1000W/m2.

3. Results and Discussion

In this section, detailed discussion about the influences of
four distinct chimney inlet configurations on performance
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Table 2: Characteristics of the components utilized in CFD
simulation [29].

Properties Chimney Collector Ground

Thermal conductivity (W/mK) 202.4 1.15 1.83

Specific heat (J/kg K) 871 750 710

Density (kg/m3) 2719 2500 2160

Absorption coefficient 0 0.03 0.9

Emissivity 1 0.9 0.9

Transmissivity — 0.9 —

Refractive index 1 1.516 1

Table 3: The results of grid independence test for CFD model.

Cell numbers Maximum velocity (m/s) % change

210210 13.88 —

314433 14.36 3.46

412501 14.31 0.35
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features of the solar chimney system is presented. The com-
parisons between the 15° CFD model and the innovative
configurations are made via ANSYS Workbench Platform.

3.1. Influence of Various Inclination Angles on Flow and
Performance Characteristics. To understand the influence
of different inclination angles (50°–80°) on the flow and per-
formance features of the SCPP, the air maximum velocity,
mass flow rate, pressure drop in the turbine, and system
power output are estimated through the CFD method.

Figure 4 illustrates the change in maximum velocity with
various θ at 600-1000W/m2. Figure 5 presents the maxi-
mum velocity distribution around the chimney entrance
and collector outlet for distinct θ at 1000W/m2.

It is evident that elevating θ yields a remarkable rise in
the maximum velocity in Figure 4. The impact of θ on the
maximum velocity is more obvious after θ = 60° at 600-
1000W/m2.

This is due to a decrease in chimney entrance area with
higher θ leading to a highly accelerated flow in this region.
The highest air velocity of 18.1m/s is achieved with θ = 80°
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Figure 5: Velocity distribution near the chimney inlet and collector outlet: (a) θ = 50°, (b) θ = 60°, (c) θ = 70°, and (d) θ = 80° at 1000W/m2.
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at 1000W/m2. The maximum velocity is improved by 26.6%
in comparison to the base case with θ = 45° producing the
maximum velocity of 14.3m/s at 1000W/m2. It is confirmed
in the aforementioned result shown in Figure 4 that the aug-
mentation of θ promotes the maximum velocity near the
turbine region as shown in Figure 5.

Although velocity distribution is more uniform for θ = 50°

as shown in Figure 5(a), higher upward airflow velocity close
to the turbine is more important to enhance kinetic energy
and pressure difference at the turbine and thus improve
the power output [34]. It is observed from Figure 5(d) that
the chimney configuration with θ = 80° provides a significant
increase in the fluid velocity near the region where the tur-
bine is located compared to others.

The mass flow rate and turbine pressure drop affect the
efficiency of the system due to the strong intercorrelation
between these parameters. That is, pressure differences
across the turbine and the air volume flow rate directly
determine power output of the SCPP system as demon-
strated in Equation (10). The researchers [8, 9, 35] reveal
that both of them are significantly dependent on the geomet-
rical dimensions of the system.

Figure 6 indicates the variation in air mass flow rate with
different θ at 600-1000W/m2. Figure 7 illustrates the change
in turbine pressure drop with different θ at 600-1000W/m2.

It is clear in Figure 6 that the air mass flow rate exhibits a
decreasing trend with higher θ. The reason for this is that the
increase of θ causes a narrower chimney inlet and thus

restricts access of air to the chimney. The minimum mass
flow rate of 629.5 kg/s is obtained with 80° inclination angle
at 600W/m2.

The turbine pressure drop has a critical role in designing
a solar chimney system and improving the overall system
power potential.

A rise in θ leads to a considerable increase in turbine
pressure drop at 600-1000W/m2 in Figure 7. The highest
pressure drop of 164.8 Pa is achieved with the 80° inclination
angle configuration at 1000W/m2.

Figure 8 presents pressure distribution around the chim-
ney entrance and collector outlet for different θ at 1000W/
m2. The air in the SCPP system is at negative pressure for
all inclination angles as shown in Figure 8. Namely, the pres-
sure inside the plant is less than atmospheric pressure. It is
essential to enhancing the pressure potential (difference in
pressure between the inward air and atmospheric air) since
it is the airflow driving force in the chimney. The findings
obtained by four different chimney entrance configurations
in Figure 8 indicate that pressure drop considerably aug-
ments near the chimney entrance compared to that around
the collector outlet.

This explains why the turbine is mounted at a certain
height from the base. The change in the inclination angle
has a significant impact on the pressure distribution in the
chimney, and the dramatic variation of pressure is detected
with higher inclination angle configurations, especially for
80° inclination angle as shown in Figure 8(d). As mentioned
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earlier, the increase of θ produces a smaller chimney
entrance and thus induces nonuniform pressure inside the
chimney.

The increment in turbine pressure drop also results in
the barrier effect to the air flow within the SCPP. This helps
to decrease air mass flow rate with high θ. In addition, the
configuration with θ = 80° has an advantage over others
since lower mass flow rate obtained by this configuration
contributes to intensify the energy storage performance of
the system.

A shape optimization has a key role in performance
enhancement of SCPPs [36]. It is concluded that the config-
uration with 80° inclination angle is a good option to make
the system more efficient compared to the base case.

Figure 9 indicates the impact of the change in inclination
angle and pressure drop through turbine on the power out-
put of the system at 600-1000W/m2.

Figure 10 demonstrates the impact of the change in the
inclination angle and mass flow rate on the power output
at 600-1000W/m2. As mentioned before, pressure difference
close to the chimney base where the turbine is situated is the
major factor for achieving the highest power output.

The system power output shows an increasing trend
with an increase in turbine pressure drop for higher θ at
600, 800, and 1000W/m2 shown in Figure 9.

On the other hand, mass flow rate reduces with a rise in
θ and a decrease in solar radiation results in further reduc-
tion in mass flow rate as seen in Figure 10.

The highest power output of 61.5 kW is achieved with
the configuration having 80° inclination angle. In this config-
uration, power output of the system is improved by 24.5% in
comparison to the base case with a power output of 49.1 kW.
It is apparent that the rise of θ provides the maximum veloc-

ity, turbine pressure drop, and power output enhancements
at the expense of reduction in mass flow rate.

It appears that pressure drop through the turbine has a
pivotal role in raising the system output power.

4. Conclusions

A 3D model is performed to analyse the impact of the incli-
nation angle (θ) varying in the range of 50°–80° on flow
characteristics and power generation of SCPPs by employing
DO radiation model combined with RNG k − ε turbulence
model at 600-1000W/m2 via the software ANSYS-Fluent.
After testing three different meshes for the grid indepen-
dence solution, the model predictions are verified by com-
parison with Manzanares pilot plant’s measurements. The
concluded points based on the CFD simulation are listed
as follows:

(i) The 15° computational model with two planar sym-
metry planes is confirmed by the data of expe-
rimental SCPP system in Manzanares, and a
reasonably good agreement is observed between
measurement and predictions at 800 and 1000W/
m2 compared to the related numerical works in
the literature

(ii) The change in θ leads to the alterations in the flow
and performance parameters like maximum veloc-
ity, turbine pressure drop, mass flow rate, and
power output of the plant. The primary reason for
this is that a higher θ produces a narrower chimney
entrance leading to airflow limitation around to the
chimney inlet
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(iii) The air maximum velocity enhances with an
increase in θ. The peak air velocity of 18.1m/s is
gained with the 80° inclination angle configuration
at 1000W/m2. This configuration significantly
intensifies upward airflow velocity near the region
where turbine is installed and improves the maxi-
mum velocity by 26.6% compared with the base
model having θ = 45° producing the peak velocity
of 14.3m/s for 1000W/m2 solar radiation

(iv) A rise in θ results in a remarkable increase the tur-
bine pressure drop at 600-1000W/m2. The maxi-
mum turbine pressure drop of 164.8 Pa is
accomplished by the configuration with θ = 80° at
1000W/m2, and this configuration induces strong
pressure gradient and thus causes acceleration of
the flow close to the chimney entrance

(v) Power generation in the SCPP is highly dependent
on the interaction between turbine pressure drop
and the air volumetric flow rate as illustrated in
Equation (10). The results reveal that power output
enhancement in the system is primarily dominated
by the turbine pressure drop

(vi) The power output of the system reaches a highest
value of 61.5 kW and enhances by 24.5% for θ =
80° at 1000W/m2 in comparison to the base case
with power output of 49.1 kW

(vii) The original chimney configurations proposed in
the present study can aid in designing an efficient
solar chimney plant to elevate the flow and power
performance features of the SCPP

Data Availability

The numerical data used to support the findings of this
study are included within the article.
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