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1. Introduction  

     As global pollution levels rise and fossil fuel 

resources diminish, the demand for sustainable and 

renewable energy technologies is increasingly urgent. 

Among the various solar-based solutions, the Solar 

Chimney Power Plant (SCPP) has emerged as a 

promising renewable-energy technology capable of 

 

A B S T R A C T 

This study examines the performance improvement of Solar Chimneys Power Plants 

(SCPPs) through optimized turbine design using three-dimensional numerical 

simulation. The research contributes to ongoing efforts to advance clean and advanced 

renewable-energy systems intended to limit reliance on traditional fossil fuels. A 

simplified 3D computational model of an SCPP, based on the Manzanares prototype, 

was developed and analyzed in ANSYS Fluent to evaluate three radial turbine 

configurations. The designs incorporate exit angles of 72.5°, 75°, and 78.5°, coupled 

with appropriate blade numbers of 12, 14, and 16, respectively. The numerical results 

reveal that the 14-blade configuration (Design B) achieves the highest performance, 

generating 70.6 kW of power representing a 43.9% improvement over the reference 

Manzanares model (49.06 kW), while maintaining stable airflow and thermodynamic 

characteristics. The obtained results emphasize the critical role of turbine geometry on 

SCPP efficiency and further demonstrate the system’s potential as a reliable and 

sustainable renewable energy solution, particularly for regions with strong solar 

resources. 
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delivering clean electricity, utility-scale electricity. 

SCPPs convert solar radiation into mechanical and 

electrical energy using a combination of thermal 

buoyancy and aerodynamic processes [1]. The 

configuration includes three fundamental elements: a 

solar collector, a tall vertical chimney, and a 

mechanical conversion unit, most often a turbine [2]. 

The air confined between the collector and the ground 

is heated by solar radiation, which reduces its density 

and causes it to rise because of the resulting pressure 

difference. This upward airflow, which is rich in 

thermal and kinetic energy, moves through the 

chimney and drives the turbine to generate electricity 

[3]. 

Extensive research investigated various 

geometric and operational parameters to enhance 

SCPP performance. Notable improvements included  

modifications to the chimney entrance slope and the 

introduction of constricted sections, both of which 

helped increase airflow velocity and turbine pressure 

drop, resulting in higher electrical output [1]. Design 

optimizations to the collector, such as variations in 

diameter, inclination, and ground slope, were also 

shown to significantly improve system efficiency [1, 

4]. Additional enhancements, such as the integration 

of baffles, were demonstrated to improve heat 

transfer and airflow distribution [5], while the 

addition of secondary chimneys further boosted 

energy production [3]. Hybrid configurations, such as 

the Hybrid Solar Double-Chimney Power Plant 

(HSDCPP), were also proposed, producing 

substantial amounts of electricity and distilled water 

in arid regions [6]. 

Experimental and numerical studies continued to 

validate the technology's viability in diverse climates. 

For example, Bakri et al. [7] confirmed the robust 

performance of SCPP prototypes in arid conditions, 

while Ayadi et al. [8] showed that simple 

modifications, such as adding obstacles at the 

collector outlet, could increase power output by up to 

14.75%. Mustafa et al. [9] reviewed natural and 

artificial convective vortices and emphasized their 

ability to generate mechanical energy through 

buoyancy effects and pressure gradients. They 

introduced the Atmospheric Vortex Engine (AVE) as 

a low-cost alternative to physical solar towers and 

proposed the Solar Vortex Engine (SVE), which used 

solar heating to sustain artificial vortices. Their 

analysis confirmed the SVE’s feasibility as an 

innovative approach for power generation. Aziz and 

Elsayed [10] numerically analyzed over 40 

configurations of chimney and collector geometries, 

making further advancements. They found that 

increasing the chimney angle up to 3° could enhance 

the maximum air velocity by 200%, with other 

parameters, such as collector height and turbine 

position, also influencing performance. Cuce et al. [4] 

explored divergent and convergent chimney 

geometries using a 3D CFD model based on the 

Manzanares pilot plant. They found that an area ratio 

(AR) of 4.1 maximized performance, boosting mass 

flow rate from 1122.1 kg/s to 1629.1 kg/s and 

increasing efficiency from 0.29% to 0.83%, thereby 

raising the power output from 54.3 kW to 168.5 kW. 

Finally, Caicedo [11] proposed a novel radial inflow 

turbine tailored for SCPPs. Through CFD 

simulations, the turbine constructed from low-cost 

materials was shown to generate 77.7 kW, exceeding 

the output of the original axial turbine at the 

Manzanares plant by over 40 kW while it maintained 

comparable efficiency. This underscored the potential 

for affordable, high-performance turbine alternatives 

in solar chimney systems. 

Danook et al. [12] performed an extensive three-

dimensional CFD analysis of a solar chimney system 

configured according to the Manzanares prototype, 

integrated with an axial turbine and adapted to the 

climatic conditions of Kirkuk, Iraq. The study utilized 

advanced turbulence and radiation models, including 

the RNG k-ε and non-grey DO radiation models, 

along with a solar ray tracing algorithm, to evaluate 

the system's seasonal performance. Results revealed 

significant variations in air velocity and energy 

output throughout the year, with July recording the 

highest air velocity (18.28 m/s) and energy 

production (14,424 kWh/month) due to elevated 

ambient temperatures. The normalized daily and 

monthly electricity production for Kirkuk [12] model 

reached 310 kWh/day and 9314 kWh/month, 

respectively, which outperformed the Kubang system 

and demonstrated the system's viability in similar hot 

and dry regions. Similarly, Kaplan [13] examined 

how changes in the inclination angle at the chimney 

inlet influenced the performance of a Solar Chimney 

Power Plant (SCPP) using a validated 3D CFD model 

of the Manzanares prototype. The study explored 

entrance angles ranging from 50° to 80° while 

keeping other geometrical parameters constant. The 

results showed increasing the angle to 80° 

significantly improved performance metrics, yielding 

a maximum velocity of 18.1 m/s and a power output 

of 61.5 kW, representing a 24.5% improvement 

compared to the base case with a 45° slope. These 

findings highlighted the significance of chimney 

entrance geometry in enhancing airflow and energy 

conversion efficiency in solar chimney systems. 

Ambient temperature, system dimensions, and solar 

radiation influenced the performance of SCPPs.  
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Studies demonstrated that airflow in solar 

chimney systems peaked around midday, with solar 

radiation directly influenced power output, though it 

did not affect chimney efficiency. The best 

performance was observed in regions with high solar 

irradiance and lower temperatures, and both system 

size and solar radiation contributed to increased 

power output [14]. Geometric modifications, such as 

reshaping the chimney to a parabolic form, were also 

found to enhance airflow velocity and overall 

efficiency [15]. Additionally, the introduction of an 

annular tower design mitigated boundary layer 

separation, resulting in a 32% increase in power 

output [16]. Furthermore, incorporating solar 

chimneys into desalination systems resulted in a 30% 

improvement in water production efficiency, 

particularly under optimal conditions, such as 

shallow water depths and moderate salt 

concentrations [17].  

 Recent studies on Solar Chimney Power Plants 

(SCPP) highlighted several key improvements in 

performance. A novel double-pass counter-flow 

collector design increased efficiency by 28% [18]. 

Optimizing collector geometry with a convergent 

outlet also enhanced power generation [19]. In 

southwestern Iran, sloped SCPPs showed potential to 

generate 2.98 to 5.91 MW of power [20], while CFD 

simulations revealed that adjusting geometric 

parameters and thermal conditions could further 

improve efficiency and power output [21]. 

Recent advancements in Solar Chimney Power 

Plants (SCPP) focused on optimizing various 

parameters to improve power generation and 

efficiency. Previous studies demonstrated that 

modifying key geometric parameters such as 

modifications to the collector inlet height, chimney 

diameter, and chimney divergence resulted in 

substantial improvements in SCPP performance. For 

example, reducing the collector-inlet height or 

increasing the chimney diameter was shown to 

enhance both power output and overall efficiency, 

with some configurations leading to power generation 

improvements of up to 12 times the original designs 

Mandal et al. [22].  Comparative turbine design 

studies also highlighted that modified blade element 

theory (BET) based turbines provided the highest 

power output, indicating the importance of efficient 

turbine design [23]. Furthermore, comprehensive 

computational fluid dynamics (CFD) models 

validated these optimization strategies by accurately 

simulating airflow and power generation and 

reinforced the potential of solar chimneys to deliver 

clean energy in sunny regions. Despite these 

technological improvements, challenges remained in 

achieving commercial scalability, requiring further 

research to optimize plant designs and hybrid systems 

for real-world applications [24]. 

The importance of research in Solar Chimney 

Power Plants (SCPP) lay in its potential to provide a 

sustainable and eco-friendly energy solution. With 

the rising demand for renewable energy resources and 

the imperative to lessen reliance on fossil fuels, 

SCPPs offered a promising alternative by harnessing 

solar energy for power generation. The primary 

driving force behind this research was the need to 

optimize the design and operational efficiency of 

SCPPs, thereby enhancing their power output and 

economic feasibility [25-28].  

Recent comprehensive reviews and advanced 

simulations [29-31] emphasized the significance of 

geometric optimization, collector material selection, 

and thermal management in improving system 

performance. Moreover, hybrid system assessments 

that integrate solar and biomass sources [32] , as well 

as advanced CFD-based optimization of semi-

elliptical collector geometries [33], provided valuable 

insights into future directions for SCPP development. 

Despite this progress, a significant research gap 

remains concerning turbine design optimization for 

SCPPs. Most previous studies have focused on 

chimney geometry, collector configuration, or 

environmental effects, while radial turbine 

performance, blade geometry, and exit angle 

optimization have received comparatively limited 

attention, despite their strong influence on energy 

conversion efficiency. Existing turbine analyses often 

rely on simplified assumptions, lack detailed fluid–

structure interaction considerations, or do not provide 

comparative evaluations of multiple turbine 

configurations under identical operating conditions. 

The motivation for the present research lay in 

addressing the need for more efficient and 

economically viable SCPP systems by improving the 

performance of the turbine, the central mechanical 

component that directly determines power output. 

The novelty of this study rests in its three-

dimensional CFD-based investigation of multiple 

radial turbine configurations with varying exit angles 

and blade numbers, evaluated under consistent 

boundary conditions based on the Manzanares 

prototype. By analyzing airflow patterns, 

thermodynamic behavior, and power generation 

characteristics across these designs, the study 

provides a systematic and comparative assessment of 

turbine geometry effects. 

The aim of this research is to fill the existing gap 

between theoretical turbine models and practical 

aerodynamic performance in SCPPs. The findings are 
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intended to contribute to the development of 

optimized turbine designs that can improve overall 

system output, support commercial scalability, and 

strengthen the role of SCPPs as viable, renewable 

energy solutions in regions with abundant solar 

resources. 

2. Methodology  

This study employed a computational 

simulation–based methodology to examine the 

performance characteristics of the solar chimney 

system and to design an optimized radial turbine. The 

research was conducted in two main phases: the first 

phase involved simulating the solar chimney without 

a turbine to establish baseline flow characteristics, 

while the second phase focused on designing and 

simulating three radial turbines with different flow 

angles (72.5°, 75°, and 78.5°), each featuring distinct 

inlet angles for assessment. 

2.1. Governing Equations 

     The transport processes of fluid flow and heat 

transfer in a solar chimney power plant are described 

by the conservation equations of mass, momentum, 

and energy. The corresponding governing equations 

for this system are as follows [12, 34]: 

 Continuity equation: 

 v 0    (1) 

 Momentum equation: 

     
T 2

.v.v p v v vI g
3

           
  

  
(2) 

 Energy equation: 

    T

eff

2
v E p k T h j v v vI .v

3

   
               

   

  
(3) 

 k-ε equations: 

Equation of turbulent kinetic energy, k 

  t

i k b M

i i k j

k
ku G G Y

x x x

    
       

      

 
 

(4) 

Equation dissipation rate of turbulent kinetic energy, ε 

   
2

t

i 1 k 3 b 2

i i j

u C G C G C
x x x k k

  



      
        

      

  
(5) 

    

The five empirical constants of k-ε model are typically 
set as in table 1. 

Table 1. The conventional k-ε model coefficients 

adopted for the present simulations [12] 

C1ε C2ε C3ε δk δε 

1.44 1.92 0.09 1.0 1.3 

 Momentum equation of turbine rotation: 

      The MRF approach approximates rotor motion by 
solving the flow in a rotating frame around the turbine 
while maintaining stationary frames elsewhere, 
providing computational efficiency while capturing 
key turbine-flow interactions, the equations shall be 
rearranged as[35]: 

   
1

UU P U R      


 
(6) 

      The relative velocity and the absolute velocity are 
related by the eq. (7) as follows: 

 rU U r    (7) 

 The output power of the turbine is given by the 
following equation  [16]: 

t

2 N
P M

60


   

(8) 

2.2. Simulation without turbine 

This phase focuses on analysing the fundamental 
airflow characteristics within the solar chimney power 
plant (SCPP) system prior to the integration of the 
turbine, using ANSYS Fluent.  

2.2.1. Computational Model, Boundary 

Conditions, and Grid Independence  

The numerical model was derived from the 

architectural configuration of the Manzanares Solar 

Chimney Power Plant, as depicted in Figure 1, which 

serves as a widely accepted benchmark for numerical 

and experimental validation. The prototype features a 

large circular collector with a gradually rising height 

profile, the details are presented in table 2[36]. These 

well-documented dimensions provide a reliable 

reference for defining the simulation domain, 

applying appropriate boundary conditions as 

illustrated in table 4, and ensuring consistency in grid 

independence assessments as presented in table 5.  
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Table 2. Main geometric specifications of the 
Manzanares SCPP [36] 

 Parameter Measurement (m) 

Mean radius of collector  122 

Mean height of collector 1.85 

Height of chimney 194.6 

Radius of chimney  5.08 

 

 

 

 

 

 

Figure 1. model and mesh of geometry 

The collector is semi-transparent, allowing 
sunlight to penetrate and heat the ground surface. 
Typically, transparent glass is utilized as the collector 
material. The materials and physical properties used in 
the system are detailed in table 3, derived from the 
pilot facility [25]. 

Table 3. Material properties applied in the numerical 
simulations [25] 

Property (unit) Ground Aluminium Glass 

Density  

(kg/m3) 

Specific heat 

(J/kg.k) 

Thermal 

conductivity 

(W/m.k) 

Absorption 

coefficient 

2160 

 

710 

 

1.83 

 

 

0.9 

2719 

 

871 

 

202.4 

 

 

0 

2500 

 

750 

 

1.15 

 

 

0.03 

Thickness (m) 0.5 0.00125 0.004 

Table 4. Conditions applied at the simulation 
boundaries [12] 

Location Type Value 

Collector 

entrance 

Collector 

roof 

 

 

Ground 

Chimney 

Wall 

Pressure 

inlet 

Wall 

(Glass) 

 

 

Wall 

Wall 

 

Pgage = 0 Pa, 

Ta = 293.15 K 

h = 10 W/(m2.K) 

Ta = 293.15K 

solar irradiation of 

1000 W/m2 

Adiabatic 

Adiabatic 

 

Chimney    

outlet 

Pressure 

outlet 

Pgage = 0 Pa 

 

The model employed the Discrete Ordinates (DO) 
method in conjunction with a solar ray tracing 
algorithm. The solar beam direction is input into the 
program based on the geographical coordinates of the 
Manzanares which is located at latitude 39 and 
longitude 3.37 (GMT +2), Spain pilot plant. The 
geometric dimensions of the system were taken 
according to the pilot plant [36]. 

     A finite volume framework was adopted to 
numerically evaluate fluid flow by solving the 
Navier–Stokes equations together with the governing 
mass and energy balance equations, The simulations 
were carried out in ANSYS Fluent (Ansys, Inc., 
Pennsylvania, USA). The pressure–velocity 
interaction was solved using the COUPLED 
algorithm, while turbulence effects were modeled 
with the RNG k–ε formulation. All governing 
equations were discretized using second-order upwind 
schemes for enhanced accuracy. The Boussinesq 
approximation is applied to account for air density 
variations due to temperature changes. To ensure 
precision, double precision was employed for all 
numerical computations. Convergence criteria are set 
at 10⁻ ⁶  for energy and radiation equations and 10⁻ ⁴  
for all other parameters. 

Table 5.  Grid convergence assessment results for 

the CFD model 

Cell number Vm ṁ % 

change 

in Vm 

% 

change 

in ṁ 

1286335 

2065689 

2763217 

14.20 

13.14 

13.56 

1060 

1076 

1083 

— 

5.63 

3.13 

— 

1.5 

0.65 

2.2.2. Model validation  

 

Figure 2. SCPP model validation: Maximum 

velocity and mass flow rate versus experimental and 

numerical data 

 
The simulation outcomes were assessed by 

comparing the computed maximum updraft velocity 
and mass flow rate with corresponding experimental 
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data from the Manzanares facility (Haaf 1984) [36] 
and computational results from Cuce et al. [4]. The 

simulation was conducted under standard conditions 
of 1000 W/m² solar radiation.

Table 6. Comparison of present simulation results with experimental and numerical literature  

 Experimental [36] Our Simulation Difference (%) Numerical [4] 

Updraft Velocity  

 

Mass flow rate 

15 m/s 

 

- 

13.56 m/s 

 

1083 kg/s 

4.5% lower than [4] 

9.1% lower than [4] 

3.1% lower than [4] 

14.20 m/s  

 

1117.9 kg/s 

 

 The comparison of the numerical and 
experimental results revealed a velocity deviation of 
9.1%. Although this percentage may appear relatively 
high, it is mainly attributed to the small reference 
velocity (15 m/s), where even minor absolute 
variations result in amplified relative errors. In 
absolute terms, the deviation corresponds to 
approximately 1.44 m/s, which remains acceptable for 
solar chimney flow simulations. Grid independence 
tests confirmed that further mesh refinement produced 
negligible changes in the predicted velocity and mass 
flow rate, ensuring numerical stability. Considering 
the experimental uncertainty associated with the 
reference measurements, both the velocity deviation 
(5–10%) and the mass flow rate deviation (3.1%) fall 
within the commonly accepted thresholds for CFD 
validation (5–10%). This consistency demonstrates 
the robustness and reliability of the numerical model, 
supporting its use for accurate solar chimney 
performance evaluation and subsequent design 
optimization. 

Figure 3. Temperature contours and streamline of air 

in SCPP model 

2.3. Turbine design and simulation  

The radial inflow turbine was designed using 
CFturbo computational tools to meet the specified 
operational requirements of 1083 kg/s mass flow rate 
at standard ambient temperature conditions (20°C), 

and the turbine was set to rotate at 14 revolutions per 
minute (rpm). 

Rotor exit diameter (Ds) was 10.16 cm. The rotor 
inlet diameter (D1) was determined using established 
design principles for radial-inflow turbines. Based on 
empirical guidelines from [30], the ratio 
Ds/D1 typically ranges between 0.6 and 0.8, balancing 
efficiency and compactness. For this study, a rotor 
inlet diameter (D1) of 15m was selected, 
corresponding to a ratio of Ds/D1 = 0.677. 

Table 7. Main geometric parameters of the turbine 

Main Parameters Units Value 

Suction diameter, ds 

Rotor diameter, d1 

Inlet width, b1 

Blade angle, β1 

(m) 

(m) 

(m) 

(°) 

10.16 

15 

1.85 

20 

   

 
The number of rotor blades was determined using 

empirical relations from Glassman's radial turbine 
design methodology [37]. Based on the stator exit 
angle (φ1°) and rotor inlet,the blade count formula: 

 r 1 1n 110 tan
30


    

(9) 

This analysis yielded three distinct designs: 

 Design a (72.5° stator exit angle, 12 blades) 

 Design b (75° stator exit angle, 14 blades) 

 Design c (78.5° stator exit angle, 16 blades). 

     We used CFturbo to verify an acceptable number 

of stator vanes for the design.  

Figure 4. model of three designs in CFturbo 
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Figure 5.  Model and mesh of Manzanares 

model with radial turbine 

 
Mesh quality is a critical factor in ensuring 

accurate numerical simulation results. Three distinct 
mesh configurations were developed to match each 
design's requirements: the first design used a 2.5 
million-cell mesh, the second design employed a 2.6 
million-cell mesh, and the third design utilized a 2.7 
million-cell mesh. The quality of each mesh was 
evaluated using skewness and orthogonality, with the 
first design having skewness 0.15184 and 

orthogonality 0.85466, the second design having 
skewness 0.15694 and orthogonality 0.84816, and the 
third design having skewness 0.16164 and 
orthogonality 0.84343. These values indicate that the 
meshes are of good quality, providing adequate 
resolution of the main flow structures while 
maintaining computational efficiency across all 
designs.  

For the turbine simulation, we maintained all 
boundary conditions and solver settings identical to 
Simulation 1, only introducing the Multiple Reference 
Frame (MRF) method to model the turbine. The MRF 
approach approximates rotor motion by solving the 
flow in a rotating frame around the turbine while 
maintaining stationary frames elsewhere, providing 
computational efficiency while capturing key turbine-
flow interactions. 

3. Results and Discussion  

The performance characteristics of three radial 
turbine configurations were evaluated through 
computational fluid dynamics simulations. This 
section presents a comparative analysis of airflow 
velocity profiles, temperature distributions, pressure 
variations, and power generation capabilities for each 
design. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Combined velocity profiles: radial velocity plotted along the X-direction (m) and axial velocity plotted 

along the Z-direction (m) 
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Figure 7. Combined temperature profiles: radial temperature plotted along the X-direction (m) and axial 

temperature plotted along the Z-direction (m) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Combined pressure profiles: radial pressure plotted along the X-direction (m) and axial pressure plotted 

along the Z-direction (m) 

 

 
The numerical results obtained from the 

simulations presented in Figures 6 indicate that air 
velocity within the solar collector and chimney varies 
markedly depending on the proposed geometric 
configurations (a, b, and c). The velocity profiles 
along the collector (X-direction) reveal a gradual 
decline as the airflow advances towards the center of 
the collector. This reduction is primarily due to the 
diminishing thermal driving force and increased 
frictional losses. Among the designs, Design (b) 
recorded the highest initial velocity at the collector 
inlet, suggesting superior performance in accelerating 

airflow at the entry point, whereas Design (c) 
demonstrated the weakest performance. In the 
chimney section (Z-direction), Design (a) exhibited 
the highest velocities at the base of the chimney, 
reaching up to 14 m/s, indicating a more effective 
conversion of thermal energy into kinetic energy 
through buoyancy-driven flow. Conversely, Design 
(c) showed considerably lower velocities throughout 
the chimney, indicating a reduced capacity for 
transporting and accelerating heated air. The findings 
emphasize the important role of system geometry in 
determining the efficiency of a solar chimney, with 
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Design (a) identified as the most effective 
configuration within the defined conditions. 

The numerical results illustrated in Figure 7 
demonstrate the variation in air temperature within the 
solar chimney system for the three geometric 
configurations (Designs a, b, and c). The radial 
temperature distribution as a function of X, (left panel 
of Figure 7) shows that temperatures generally 
decrease with increasing distance from the center  

towards the edge of the collector. Among the three 
configurations, Design (c) maintains the highest 
overall temperatures throughout the collector region, 
suggesting a more effective retention or absorption of 
thermal energy, followed by Designs (b) and (a). This 
indicates that Design (c) likely facilitates better heat 
accumulation under the transparent roof, possibly due 
to improved insulation or geometrical features 
enhancing solar gain. 

The axial temperature profile as a function of Z 
(right panel of Figure 7) reveals that, although the 
overall temperature difference along the chimney is 
modest, Design (c) again records the highest 
temperatures, with a slight but consistent upward 
trend. This suggests that the heated air in Design (c) 
retains more thermal energy as it ascends, enhancing 
buoyancy-driven flow. In contrast, Designs (a) and (b) 
exhibit lower temperature gradients, which could lead 
to a reduced buoyancy effect and less efficient 
thermal-to-kinetic energy conversion. 

These findings underscore the importance of 
temperature management in solar chimney design. 
While Design (a) performed best in terms of airflow 
velocity, Design (c) demonstrates superior thermal 
characteristics, indicating a potential trade-off 
between thermal retention and flow acceleration. 
Optimal performance would ideally balance both 
aspects to maximize overall system efficiency. 

The pressure distribution results presented in 
Figure 8 illustrate the radial and axial pressure 
variations within the solar chimney system for the 
three configurations. The radial pressure profile (left 
side of Figure 8) shows a sharp drop occurs near the 
center of the collector, followed by a rapid 
stabilization across all designs. Design (b) exhibits the 
lowest pressure at the inlet, indicating a stronger 
suction effect that may enhance airflow induction. 

In the axial pressure profile (right side of Figure 
8), all designs show a consistent pressure drop with 
height, characteristic of buoyancy-driven flow. Design 
(c) maintains slightly higher pressures along the 
chimney, which may indicate increased flow 
resistance. 

Overall, the pressure profiles reflect the influence 
of geometry on driving forces and confirm that 
efficient pressure gradients are essential for sustaining 
airflow within the system. 

 

 

 
 

 

 

 

 

 

 

Figure 9. Power output of three designs 

 
       Figure 9 illustrates the power output and mass 
flow characteristics of the three proposed designs. 
Design (a) produced 66.5 kW of power, accompanied 
by a mass flow rate of 530 kg/s.. This configuration 
serves as the baseline, reflecting a design optimized 
for high fluid throughput with minimal flow 
resistance. However, the moderate power output 
suggests limitations in energy conversion efficiency, 
possibly due to less-than-ideal blade angles or flow 
separation effects within the rotor geometry. 

The torque for the second design (b) is 48.15 
kN.m, generating 70.6 kW of power while 
maintaining a comparable mass flow rate of 520 kg/s. 
This 6.2% power increase over design a, achieved 
with only a 1.9% reduction in mass flow, confirms the 
effectiveness of its 14-blade arrangement, 
demonstrating superior energy transfer capability 
while successfully balancing flow capacity with 
enhanced power conversion, making it particularly 
suitable for applications requiring maximum 
performance without significant flow restriction. 

Design (c) yields a power output of 66.7 kW, 
accompanied by a reduced mass flow rate of 455 kg/s, 
a 14% decrease compared to design (a). This reduction 
is attributed to the higher blade count and the 
integration of guide vanes, which, while improving 
flow control and directionality, introduce greater flow 
resistance. This design is more specialized, potentially 
favoring applications where controlled flow and 
stability are prioritized over maximum throughput. 
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Figure 10. Streamline of air in SCPP model 

Figure 11.  Streamlines through the rotor

      Figures 10 and 11 present the streamline 
visualization of airflow within the Solar Chimney 
Power Plant (SCPP) model, offering insight into the 
aerodynamic performance of different rotor designs. 

In Figure 10, the streamline plots illustrate the 
general airflow pattern from the collector region 
towards and through the chimney. All three 
configurations show a smooth radial inflow towards 
the center, followed by a strong vertical acceleration 
up the chimney. However, differences in streamline 
density and velocity magnitude indicate varying 
efficiencies. The middle configuration exhibits the 
most concentrated and vertically aligned streamlines, 
suggesting enhanced flow stability and stronger 
buoyancy-driven uplifts, which are critical for 
efficient turbine operation. This correlates with its 
superior power output, seen in earlier results. 

Figure 11 focuses on the interaction of airflow 
with the rotor blades. The streamlines reveal the 
degree of flow attachment and deflection across 
different blade designs. In the first configuration, the 
flow shows mild separation, which can reduce torque 
generation. The second design demonstrates smoother 
flow paths around the blades with minimal 

recirculation, indicating optimal incidence angles and 
efficient momentum transfer to the rotor. The third 
design, although featuring guide vanes for flow 
direction control, shows some local disturbances and 
flow detachment, likely due to increased aerodynamic 
resistance from the denser blade arrangement. 

4. Conclusions 

This study performed an extensive CFD analysis 
of various radial turbine configurations integrated into 
a Solar Chimney Power Plant (SCPP), focusing on the 
influence of blade number and exit angle on system 
performance. The results demonstrate that turbine 
geometry exerts a decisive impact on energy 
conversion efficiency, airflow stability, and 
thermodynamic behavior. Among the three tested 
designs, the configuration with a 75° exit angle and 14 
blades achieved the highest performance, producing 
70.6 kW of power, representing a 43.9% improvement 
over the Manzanares reference model while 
maintaining stable mass flow and pressure gradients. 

Critical analysis revealed that lower blade counts 
favored higher throughput but limited conversion 
efficiency, whereas higher blade densities enhanced 
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thermal retention but introduced excessive flow 
resistance. The intermediate configuration provided 
the optimal compromise, confirming the necessity of 
balancing aerodynamic efficiency with flow stability. 
Streamline and velocity profile evaluations further 
highlighted the importance of minimizing 
recirculation losses and ensuring effective buoyancy-
driven uplift. 

These findings underscore turbine design as a 
primary bottleneck in SCPP optimization, a dimension 
often underexplored compared to chimney or collector 
geometries. By bridging theoretical turbine models 
with validated CFD simulations, this work contributes 
to the advancement of economically viable and 
scalable SCPP systems. Future research should extend 
toward fluid–structure interaction, material durability, 
and hybrid integration strategies to consolidate the 
role of solar chimney technology as a reliable 
renewable energy solution in regions with high solar 
irradiance. 

Nomenclature  

CFD Computational fluid dynamics 

MRF Multiple Reference Frame 

SCPP Solar Chimney Power Plant 

b1 Inlet width of the turbine (m) 

C1ε, C2ε, C3ε Empirical constants of k–ε model (-) 

CP Specific heat capacity at constant 

pressure (J/kg.K) 

D Diameter (m) 

g Gravitational acceleration (m/s2) 

Gb Turbulent kinetic energy generation due 

to buoyancy (m2/s3) 

Gk Turbulent kinetic energy generation due 

to mean velocity gradients (m2/s3) 

h Heat transfer coefficient (W/m2.K) 

K Turbulent kinetic energy (m²/s2) 

M Torque (N·m) 

ṁ Mass flow rate (kg/s) 

N Rotational speed (rpm) 

nr Number of rotor blades 

P  Pressure (Pa) 

Pt Turbine power output (kW) 

r distance from the cell centroid to the 

rotation axis 

R Reynolds stress tensor 

T Temperature (K) 

t Time (s) 

U absolute velocity (m/s) 

Ur the relative velocity (m/s) 

β Blade angle (°) 

ε Turbulent dissipation rate (m²/s³) 

μ Dynamic viscosity (kg/m·s) 

ρ Density (kg/m³) 

Ω Angular velocity (rad/s) 
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