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Abstract 

One of the effective tools to generate electricity from solar energy is Divergent-chimney solar 

power plant (DSPP). Divergent and cylindrical chimneys of solar power plants have different 

performances considering turbine pressure drop ratio (𝑓𝑡). For the first time, the divergent angle 

(DA) and solar radiation (SR) interaction effects on 𝑓𝑡𝑜𝑝𝑡 are discussed through applying the 

Computational Fluid Dynamics (CFD) and Response Surface Method (RSM). FLUENT software 

is employed to perform 2D axisymmetric numerical stimulation for the Manzanares prototype. The 

DA, SR, and 𝑓𝑡 with ranges of 0°-3°, 200-800 W/m2, and 0.2-0.9 are considered, respectively, in 

the RSM optimization. The outcomes denote that the amount of  𝑓𝑡𝑜𝑝𝑡varies from 0.71 to 0.89 

continuously, and it is related inversely to the DA and directly to the SR. The maximum efficiency 

(𝜂
𝑚𝑎𝑥

) is obtained at 𝑓𝑡𝑜𝑝𝑡, for different SRs and DAs. It is concluded that the 𝜂𝑚𝑎𝑥 is enhanced

from 0.42% to 0.50%, achieved by increasing the DA and SR values. Furthermore, the quadratic 

correlation of the  𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 in terms of DA and SR parameters are provided. Therefore, the

consequences of this research would be a suitable resource for designing optimum turbines for the 

DSPPs. 
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Nomenclature 

𝐸̇𝑖𝑛 Total input energy rate   

Cp specific heat capacity [J/kg K] SR                    solar radiation 

H height [m] ∆𝑝𝑙𝑜𝑠𝑠                  System pressure drop  

𝑊̇𝑡 the output power of turbine [W] ∆𝑝𝑡𝑜𝑡𝑎𝑙                   Total pressure potential 

p static pressure [Pa] ∆𝑝𝑡𝑢𝑟𝑏 Turbine pressure drop 

Ra Rayleigh number   

  Subscript  

 a air 

Acronyms ch chimney 

CCD central composite design f fluid 

CFD computational fluid dynamics in inlet 

CSPP cylindrical-chimney solar power plant max maximum 

DA the divergent angle of the chimney opt optimum 

DSPP                    divergent-chimney solar power plant out outlet 

SCPP Solar chimney power plant Greek symbols         

FCCCD            
face centered central composite 

design 
β 

volumetric thermal expansion 

coefficient [1/K] 

𝑓𝑡                     turbine pressure drop ratio 𝜂  efficiency 

RSM                                                     response surface method 𝜂𝑚𝑎𝑥 
efficiency at optimal turbine 

pressure 

Adeq adequate precision ρ density [kg/m3] drop 
 

 

1. Introduction 

Harmful effects of fossil fuel overuse, e.g., air pollution and global warming, have 

stimulated the human tendency to use environment-friendly renewable energy resources. The 

transformation of solar radiation to electrical energy is conducted via a solar chimney power plant 

(SCPP). The plant consists of three principal parts: Wind turbine, Chimney, and Collector. The air 

temperature increases while passing through the collector due to the sun's radiant energy 

absorption. Therefore, since there is a difference between the density of ambient air and the air in 
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the collector, the air density is reduced and the buoyant force is created which pushes the air out 

of the chimney. The turbine converts the air kinetic energy to a rotary motion [1–3]. 

The idea of  electricity generation with SCPP was first introduced by the initial prototype of SCPP 

in 1970-Manzanares [1]. Early studies showed that small-scale SCPP had lower efficiency (𝜂) in 

comparison with large-scale SCPPs [4,5]. There has been considerable investigations on the 

critical role of chimney height and collector radius in generating electrical power of SCPP [6–8]. 

The research studies were not limited to the size of the SCPP. The output power is enhanced by 

altering the chimney shape from cylindrical to divergent, i.e., the higher the chimney outlet 

diameter, the less kinetic energy and the more power plant efficiency achieved [9,10]. Therefore, 

optimizing the divergent angle of the chimney (DA) or the area fraction of the chimney inlet to the 

chimney outlet has been essential to produce more output power. The schematic view of the 

Divergent SCPP is represented in Fig.1. 

 
Fig. 1 Divergent solar chimney power plant (schematic view) 
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Higher static pressure and mass flow rate are caused by increasing the slopping collector roof and 

DA compared to the cylindrical-chimney solar power plant (CSPP). In contrast, the output power 

was enhanced significantly, as shown by numerical simulation [11,12]. The performance 

improvement of SCPP was studied by employing a 3D numerical study, applying various 

geometric variables; chimney diameter, collector inlet opening, and DA [13]. It was shown by an 

experimental study on small dimensions of DSPP taking into account the ambient conditions, that 

the production capacity of the power plant was increased by 4-5 times comparing with CSPP [14]. 

The optimum value of DA and area ratio were obtained in which the power output was maximized. 

At the same time, temperature differences at environment and chimney inlet were decreased by 

the diffuser stall occurring and increase of the mass flow [15]. Zhou and Xu [16] investigated the 

effect of backflow on divergent-chimney solar power plant (DSPP) through 3D numerical 

simulation of the Manzanares prototype. They showed that the backflow area became larger with 

an increase of DA. Furthermore, it was shown that a more negligible difference in the outlet and 

inlet temperature of the chimney caused less buoyancy and volume flow rate. In a recent study, 

the novel chimney shape was designed to deal with the boundary layer separation phenomenon 

[17].  Technologically speaking, building DSPP on a large scale and erecting a tall chimney with 

a divergent angle is challenging and requires advanced construction techniques. However, it can 

be built today with civil engineering development. Designing the DSPP in optimal dimension was 

suggested due to the high initial investment costs [18].  

Additionally, several researches investigated the turbine design to enhance the efficiency (𝜂) of 

SCPP. The fluid flow energy can be transformed into mechanical energy using the aerodynamic 

force from the rotor blades. The fluid flow on the blades rotates main shaft and generator to 
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produce electric power. The turbine's aerodynamic design and proper operation are determined by 

Turbine pressure drop (∆𝑝𝑡𝑢𝑟𝑏)[19]. Thus, the turbine pressure drop ratio (𝑓𝑡) was investigated in 

several studies. In a pioneer work [20], the optimal value of the 𝑓𝑡 was calculated (𝑓𝑡𝑜𝑝𝑡 = 2/3). 

This value was corrected due to the constant temperature rise assumption in a collector and a new 

value of around 0.9 was suggested [4]. Backström and Fluri [21] assumed a correlation of 

volumetric flow rate and total pressure potential, wherein maximum fluid power occurred in larger 

values of ∆𝑝𝑡𝑢𝑟𝑏 as well as smaller flow rate than the corresponding values given by constant 

pressure potential assumption. Nizetic and Klarin [22] conducted an analytical approach to find the 

𝑓𝑡𝑜𝑝𝑡, which was approximately equal to the values reported in [4]. The effect of ∆𝑝𝑡𝑢𝑟𝑏 on the 

output power and the wasted energy for different solar radiations (SRs) is investigated by 2D 

numerical study [23]. Aligholami et al. [24] investigated the effect of turbine pressure jump and 

geometrical factors on the performance of SCPP simultaneously by implying exergy and energy 

analysis. Li and Guo [25] examined the impact of SR and collector radius on 𝑓𝑡𝑜𝑝𝑡 in solar 

chimney-aided dry cooling systems. Guo et al. [26] obtained the 𝑓𝑡𝑜𝑝𝑡 of about 0.9 applying a 3D 

numerical model considering the power-law relationship for output velocity and temperature rise. 

It was shown that the results achieved in real turbine model were comparable with those in the fan 

model [27].  In addition, Guo et al. [28] calculated the 𝑓𝑡𝑜𝑝𝑡 for different SRs and ambient 

temperatures in the two modes of a circular and square collector. The performance of the turbine 

was dramatically improved by using new lifting design method and the variation of 𝑓𝑡𝑜𝑝𝑡  was 

reported 0.9 to 0.92 [29]. 

Although it was shown that the divergent chimney and optimal operation of the turbine enhance 

the performance of SCPP separately, this study uniquely aims to reach the highest efficiency 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


considering both terms simultaneously. Scrutinization of similar literature reveals that there have 

not been any studies on an investigation of 𝑓𝑡𝑜𝑝𝑡  by considering the divergent angle of the 

chimney (DA) and solar radiation (SR). As a result, it is essential to investigate the values of 𝑓𝑡 for 

accommodating a variation in practical operation. In this article, the Computational Fluid 

Dynamics (CFD) is integrated with the Response Surface Method (RSM) to propose an effective 

technique (CFD-RSM) for detailed analyses of the DSPP.  

2. Material and methods 

2.1 Mathematical model 

Equations for fluid flow through the 2D axisymmetric SCPP are continuity, momentum, and 

energy equation. For example, the mass continuity at the steady-state is given by: 

𝜕(𝜌𝑢)

𝜕𝑧
+

1

𝑟

𝜕(𝑟𝜌𝑣)

𝜕𝑟
= 0                                                                                                                              (1)                                                                                                                                                              

Where 𝑣 and 𝑢 are velocity components along 𝑟 and 𝑧 direction and 𝜌 is density. The 

density varies based on Boussinesq approximation is given by: 

𝜌 = 𝜌0(1 − 𝛽(T − 𝑇0))                                                                                                                             (2)                                    

wherein 𝜌0 is the reference ambient density, 𝑇0 is the reference temperature, 𝛽 is the coefficient 

of thermal expansion. In natural convection, the 𝑅𝑎 number is evaluated to distinguish the flow 

regime, which is defined by [23]: 

𝑅𝑎 =
𝑔𝛽∆𝑇𝐿3

𝛼𝑣
                                                                                                                                               (3) 
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The average height of collector and the thermal diffusivity are denoted by 𝐿 and 𝛼, respectively. 

Air temperature rises at the collector (∆𝑇) is obtained through conservation of energy at the 

collector as:  

∆𝑇 =
𝑄̇𝑖𝑛

𝜌𝑉̇𝑐𝑝

                                                                                                                                                    (4) 

in which 𝑉̇ and 𝑐𝑝  are volume flow rate and specific heat capacity of the system flowing through 

a chimney outlet, respectively. 𝑄̇𝑖𝑛 denotes the net rate of thermal energy from the ground and 

collector to the air. An analysis conducted throughout the collector and chimney resulted in 𝑅𝑎 >

1010 [23], thus the momentum conservation equations of steady turbulent buoyant flow are: 

𝜕

𝜕𝑧
(𝜌𝑢𝑢) +  

1

𝑟
 

𝜕

𝜕𝑟
 (𝑟𝜌𝑣𝑢) =

𝜕

𝜕𝑧
((𝜇 + 𝜇𝑡)

𝜕𝑢

𝜕𝑧
) +

1

𝑟
(

𝜕

𝜕𝑟
(𝜇 + 𝜇𝑡)𝑟

𝜕𝑢

𝜕𝑟
+ 𝜌𝑔𝛽(𝑇 − 𝑇0) +

𝜕

𝜕𝑧
((𝜇 +

𝜇𝑡)
𝜕𝑢

𝜕𝑧
) +

1

𝑟

𝜕

𝜕𝑟
((𝜇 + 𝜇𝑡)𝑟

𝜕𝑣

𝜕𝑧
)                                                                                                                                           (5) 

𝜕

𝜕𝑧
(𝜌𝑢𝑣) +  

1

𝑟
 

𝜕

𝜕𝑟
 (𝑟𝜌𝑣𝑣) =

𝜕

𝜕𝑧
((𝜇 + 𝜇𝑡)

𝜕𝑣

𝜕𝑧
) +

1

𝑟
(

𝜕

𝜕𝑟
(𝜇 + 𝜇𝑡)𝑟

𝜕𝑣

𝜕𝑟
−

𝜕𝑝

𝜕𝑟
+

𝜕

𝜕𝑧
((𝜇 + 𝜇𝑡)

𝜕𝑢

𝜕𝑟
) +

1

𝑟

𝜕

𝜕𝑟
((𝜇 + 𝜇𝑡)𝑟

𝜕𝑣

𝜕𝑟
) −

2(𝜇+𝜇𝑡)𝑣

𝑟2                                                                                                                                         (6)    

The k-𝜀 turbulent model is applied in this study, including two equations; turbulent eddy 

dissipation (𝜀) and turbulent kinetic energy (K): 

𝜕

𝜕𝑧
(𝑢𝜀) +  

1

𝑟
 

𝜕

𝜕𝑟
 (𝑟𝑣𝜀) =

1

𝜌

𝜕

𝜕𝑧
((𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑧
) +

1

𝜌𝑟

𝜕

𝜕𝑟
((𝜇 +

𝜇𝑡

𝜎𝜀
) 𝑟

𝜕𝜀

𝜕𝑟
) +

𝜀

𝑘
(𝐶1𝐺𝑘 − 𝐶2𝜀)                (7) 

𝜕

𝜕𝑧
(𝑢𝑘) +  

1

𝑟
 

𝜕

𝜕𝑟
 (𝑟𝑣𝑘) =

1

𝜌

𝜕

𝜕𝑧
((𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑧
) +

1

𝜌𝑟

𝜕

𝜕𝑟
((𝜇 +

𝜇𝑡

𝜎𝑘
) 𝑟

𝜕𝑘

𝜕𝑟
) + 𝐺𝑘 − 𝜀                            (8)             
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Average velocity gradients produced turbulent kinetic energy, which is defined by 𝐺𝑘. 𝐶1 = 1.44 

and 𝐶2 = 1.92 are the turbulent model constants. The corresponding turbulent Prandtl numbers; 𝜀, 

𝑘, and 𝑇 are utilized for 𝜎𝜀, 𝜎𝑘 , and 𝜎𝑇 . An energy equation in axisymmetric configuration is 

expressed as:                             

𝜕

𝜕𝑧
(𝑢𝑇) +  

1

𝑟
 

𝜕

𝜕𝑟
 (𝑟𝑣𝑇) =

1

𝜌

𝜕

𝜕𝑧
((

𝜇

𝑃𝑟
+

𝜇𝑡

𝜎𝑇
)

𝜕𝑇

𝜕𝑧
) +

1

𝜌𝑟

𝜕

𝜕𝑟
((

𝜇

𝑃𝑟
+

𝜇𝑡

𝜎𝑇
) 𝑟

𝜕𝑇

𝜕𝑟
)                                                     (9) 

2.2 Theoretical model of 𝒇𝒕𝒐𝒑𝒕 for maximum output power in DSPP and CSPP 

One of the main designing parameters to enhance the performance of SCPP is  𝑓𝑡. The different 

effects of  𝑓𝑡 on the output power in DSPP and CSPP are discussed in the following part. The 

efficiency (𝜂) of SCPP is calculated by dividing the turbine's output power ( 𝑊̇𝑡)  by the total input 

energy (𝐸̇𝑖𝑛) [30,31]: 

𝜂 =
𝑊̇𝑡 

𝐸̇𝑖𝑛

                                                                                                                                                     (10) 

where 𝐸̇𝑖𝑛 is obtained by multiplying the solar energy (SR) by the collector area (𝐴𝑐𝑜𝑙𝑙): 

𝐸̇𝑖𝑛 =  𝑆𝑅 × 𝐴𝑐𝑜𝑙𝑙                                                                                                                                       (11) 

The turbine's output power ( 𝑊̇𝑡) is calculated as follows:  

𝑊̇𝑡 =  ∆𝑝𝑡𝑢𝑟𝑏  𝑉̇                                                                                                                                         (12) 

where ∆𝑝𝑡𝑢𝑟𝑏 represents the turbine pressure drop [23]. The pressure difference between inlet 

(𝑃𝑖𝑛,𝑐ℎ) and outlet (𝑃𝑜𝑢𝑡,𝑐ℎ) of a chimney is obtained by integrating the Navier–Stokes equation 

[15]: 
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𝑃𝑖𝑛,𝑐ℎ − 𝑃𝑜𝑢𝑡,𝑐ℎ =
1

2
 𝜌𝑓(𝑣𝑜𝑢𝑡,𝑐ℎ

2 − 𝑣𝑖𝑛,𝑐ℎ
2) + ∆𝑝𝑡𝑢𝑟𝑏 + ∆𝑝𝑙𝑜𝑠𝑠 +  𝜌𝑓𝑔𝐻                                     (13) 

wherein 𝑣𝑜𝑢𝑡,𝑐ℎ  and 𝑣𝑖𝑛,𝑐ℎ are the velocities at the chimney's outlet and inlet, respectively. The 

static pressure relationship for ambient air integrated with the Boussinesq approximation for the 

difference in a fluid density in order to calculate the total pressure potential (∆𝑝𝑡𝑜𝑡𝑎𝑙) for DSPP as 

following: 

(𝜌0 − 𝜌𝑓)𝑔𝐻 + 
1

2
𝜌𝑓(𝑣𝑖𝑛,𝑐ℎ

2 − 𝑣𝑜𝑢𝑡,𝑐ℎ
2 ) = ∆𝑝𝑡𝑢𝑟𝑏 + ∆𝑝𝑙𝑜𝑠𝑠                                                             (14) 

∆𝑝𝑡𝑜𝑡𝑎𝑙 =  𝜌0 𝑔 𝐻𝛽 ∆𝑇 + 
1

2
𝜌𝑓(𝑣𝑖𝑛,𝑐ℎ

2 − 𝑣𝑜𝑢𝑡,𝑐ℎ
2 )                                                                               (15) 

where 𝜌𝑓 is air density in the chimney. The expressions for ∆𝑝𝑡𝑢𝑟𝑏 is the difference between a 

total pressure potential and a system pressure drop [21,28]: 

∆𝑝𝑡𝑢𝑟𝑏 =  ∆𝑝𝑡𝑜𝑡𝑎𝑙 −  ∆𝑝𝑙𝑜𝑠𝑠                                                                                                                    (16) 

Finally, 𝑓𝑡 is obtained by dividing ∆𝑝𝑡𝑢𝑟𝑏 to ∆𝑝𝑡𝑜𝑡𝑎𝑙 [1]: 

𝑓𝑡 =  
∆𝑝𝑡𝑢𝑟𝑏

∆𝑝𝑡𝑜𝑡𝑎𝑙
                                                                                                                                              (17) 

The variations of the ∆𝑝𝑡𝑜𝑡𝑎𝑙 and ∆𝑝𝑙𝑜𝑠𝑠with the volume flow rate in CSPP and DSPP is shown in 

Fig. 2. 
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Fig. 2 A schematic diagram of variations of ∆𝑝𝑡𝑜𝑡𝑎𝑙 and ∆𝑝𝑙𝑜𝑠𝑠 with the volume flow rate for DSPP and 

CSPP  

According to Eq. (15), ∆𝑝𝑡𝑜𝑡𝑎𝑙 contains two parts, the static pressure recovered and buoyancy. 

Both terms affect the ∆𝑝𝑡𝑜𝑡𝑎𝑙 value in DSPP case while ∆𝑝𝑡𝑜𝑡𝑎𝑙 varies only by the buoyant term in 

CSPP since outlet and inlet velocities of the chimney are identical. In CSPP, the temperature rise 

at the collector decreases with increment of the flow rate; as a result, the ∆𝑝𝑡𝑜𝑡𝑎𝑙  is descending in 

all ranges of the volume flow rate. Interestingly, DSPP shows similar behavior of ∆𝑝𝑡𝑜𝑡𝑎𝑙 with 

respect to volume flow rate until it reaches a minimum point. Subsequently, the static pressure 

recovered becomes dominant term and ∆𝑝𝑡𝑜𝑡𝑎𝑙 starts rising to the no turbine condition. On the 

other hand, ∆𝑝𝑙𝑜𝑠𝑠 increases in both types of the SCPP with the rise of the flow rate according to 

the power-law relationship [22].  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Based on Eq. (12), the maximum power output at two arbitrary volume flow rates is denoted by 

the domains of red and blue rectangles in Fig. 2. It is worth mentioning that the areas of this 

rectangle depend upon the volume flow rate. The red and blue rectangles in Fig. 2 represent the 

maximum output power at optimum turbine pressure drop ratio ( 𝑓𝑡𝑜𝑝𝑡) for CSPP and DSPP, 

respectively.  Considering the different variation of ∆𝑝𝑡𝑜𝑡𝑎𝑙 in CSPP and DSPP, the best 

performance of DSPP occurred in the higher volume flow rate rather than CSPP. As a result, 𝑓𝑡𝑜𝑝𝑡 

is not equal in two different kinds of SCPP. 

2.3 Numerical simulation 

The SCPP constructed plant in Manzanares contains a collector with a radius of 120 (m) and a 

chimney with a height of 195 (m) [1]. Hence, to evaluate the efficiency of DSPP, according to the 

reference case, by considering a constant value for the chimney's height and radius, the chimney’s 

divergence angle is varied from 0° to 3°. Therefore, the main dimensions of the system 

configuration are presented in Table 1. 

Table 1. Main dimensions of the model 

Collector Chimney Turbine 

Height 

(m) 

Inlet 

radius 

(m) 

Outlet 

radius 

(m) 

Height 

(m) 

Inlet 

radius 

(m) 

Outlet radius (m) 

Section 

area 

(m2) 

Position 

height 

(m) 

1.7 120 13.3 195 5 
DA=0° DA=1.5° DA=3° 

70.5 10 
5 9.8 14.7 

 

ANSYS FLUENT 16 software is utilized to simulate the DSPP as a 2D axisymmetric and steady-

state model in this study. The DSPP is divided into two regions containing air and ground, which 
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are considered simultaneously in the provided model by employing the available multi-region 

tools. The Simple scheme solves the pressure–velocity linked equation for incompressible fluid 

with the Boussinesq approximation. Turbulent fluid flow was considered due to the (𝑅𝑎 > 1010) 

[32]. The k-є model with standard wall function is applied to simulate the turbulent flow.  

Applied boundary conditions are displayed in Table 2. Convection boundary is considered for the 

thermal transport from the top of the collector to the outer air in which the ambient temperature 

and convection coefficient are set as 300 𝐾 and 8 
𝑊

𝑚2𝐾
 (considering irradiation of the plant into 

the atmosphere), respectively [26]. The pressure boundary conditions are assigned to 0 𝑃𝑎 for the 

outside air by simultaneously considering the system internal and external pressure distributions. 

Thin film of soil is considered as a thermal source for modeling solar radiation. A fixed 

temperature of 300 𝐾 is used at the below of the ground. The same air velocity is considered for 

the entrance and exit location of turbine in the SCPP system [23]. Thus, for the turbine modeling 

purpose, a pressure jump across it was defined. 

Table 2. Boundary conditions 

Value Type place 

Te = 300 K, h = 8 W/ (m2 K) Wall: convection  Top of the collector 

300 K Wall: Temperature Bellow of the ground 

2 – 8 × 106 W/m3 Wall: Thermal source 0.1 mm thin film on the ground  

qchim = 0 W/m2 Wall: adiabatic Surface of the chimney 

0 – 400 Pa Reverse fan Turbine pressure drop  

ΔPout = 0, P = Patm Pressure outlet Chimney outlet 

Pin = Patm, T0 = 300 K  Pressure inlet  Inlet of the collector 

ICEM 16.0 is utilized to mesh the geometry structurally. Mesh independence analysis was taken 

out for several grid sizes such that more number of elements are employed in the vicinity of the 
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bend, glass, ground, and chimney [33,34]. Fig. 3 shows the boundary condition and mesh in the 

vicinity of the walls and turbine. 

The numerical validation is conducted for chimney outlet velocity and temperature rise with an 

experimental study for a Manzaranes model [1]. Table 3 shows remarkable compatibility (less than 

5%) between the obtained experimental results and the present study considering the solar 

radiation of 1000 W/m2. Additionally, radial temperature distribution along the mid-plane of the 

collector is compared with [35] for two solar radiations, as represented in Fig. 4. The maximum 

error of a present model is less than 2%. 
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Fig. 3 Mesh and Boundary conditions of the 2D axisymmetric model 

 

Table 3. Experimental data and present study (Comparison) 

Temperature rise Updraft velocity Results 

20 K 15ms-1 Experiment data 

21 K 15.8 ms-1  Present study 
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Fig. 4 Comparison of air temperature inside collector between present study and literature 

Finally, in order to legitimize an approach utilized in this study, the pressure potential, the mass 

flow rate, and temperature rise values for three different DAs (SR=250 W/m2 under no turbine 

load) are compared with numerical modeling results in the literature [16]. Specifically, for the 

DSPP model, this validation is required due to the gap in the experimental study for large 

geometries, which is applicable in real-life power production. Table 4 depicts the aforementioned 

quantities for both studies. It should be highlighted that the 7% error is appeared due to the 

negligible effect of the difference in boundary conditions at the collector of two models. 
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Table 4. Validation of the present numerical modeling for DSPP with literature  

Results 𝑫𝑨 = 𝟎° 𝑫𝑨 = 𝟏. 𝟓° 𝑫𝑨 = 𝟑° 

 Pressure 

potential 

(Pa) 

Temperature 

rises at the 

collector (K) 

Mass 

flow 

rate 

(kg/s) 

Pressure 

potential 

(Pa) 

Temperature 

rises at the 

collector (K) 

Mass 

flow 

rate 

(kg/s) 

Pressure 

potential 

(Pa) 

Temperature 

rises at the 

collector (K) 

Mass 

flow 

rate 

(kg/s) 

Zhou 

study [14] 
68.3 11.7 987 265.4 6.1 1886 357.5 5.4 2241 

Present 

study 

66.1 11.3 901 288.6 6.6 1734 332.6 5.8 2008 

 

 

2.4 Response Surface Method 

Response Surface Method (RSM) is used to reduce the number of case studies required for 

analysis, including three schemes; Doehlert, Box-Behnken, and Central Composite Design (CCD), 

considering a number and range of independent parameters. The well-known three-level CCD 

scheme called Face Centered Central Composite Design (FCCCD) is chosen. Accordingly, solar 

radiation (SR), divergent angle (DA), and turbine pressure drop ratio (𝑓𝑡) with ranges of 200-800 

W/m2, 0°-3°, and 0.2-0.9, are three significant variables of the solar chimney, respectively, and are 

considered independent variables in this study  .The design matrix is presented in Table 5. RSM 

proposes the sequential set of numerical modeling's to examine the influence of DA, 𝑓𝑡 and SR 

parameters on the responses of 𝜂 as provided in Table 6. Also, the 𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 are presented 

in Table 7. 
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Table 5. Design matrix for the FCCCD 

Factors 
Levels 

Low (-1) Central (0) High (+1) 

𝒇𝒕 0.2 0.55 0.9 

𝑫𝑨 0 1.5 3 

𝑺𝑹 200 500 800 

 

 

 

Table 6. Actual values of parameters along with its response of 𝜂 % 

Run 
Actual values of independent variables Response (𝜼 %) 

𝑫𝑨 𝒇𝒕 𝑺𝑹 = 𝟐𝟎𝟎 𝑺𝑹 = 𝟓𝟎𝟎 𝑺𝑹 = 𝟖𝟎𝟎 

1 0 0.2 0.1210 0.1281 0.1296 

2 0 0.55 0.3159 0.3271 0.3323 

3 0 0.9 0.4300 0.4538 0.4661 

4 1.5 0.2 0.3521 0.3524 0.3526 

5 1.5 0.55 0.4600 0.4767 0.4851 

6 1.5 0.9 0.4440 0.4681 0.4816 

7 3 0.9 0.4447 0.4692 0.4823 

8 3 0.2 0.3768 0.3895 0.4033 

9 3 0.55 0.4737 0.4916 0.5002 

 

In order to estimate an appropriate response, a second-order polynomial equation is typically 

suggested via RSM [36]: 

𝑦 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽12𝑋1𝑋2 + 𝛽11𝑋1
2 + 𝛽22𝑋2

2                                                                       (18) 

wherein 𝑋 is an independent variable, 𝛽0 is a constant value and 𝛽𝑖(=1−2), 𝛽12, and 𝛽𝑖𝑖(=1−2) are 

linear, mixed, and second terms regression coefficients of the model, respectively. Regression 

coefficients are calculated, and data analysis is conducted through the Design-Expert software 

v10.0.3. 
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Table 7. Actual values of parameters and their responses of 𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥% 

Run 
Actual values of independent variables Responses 

𝑫𝑨 𝑺𝑹 𝒇𝒕𝒐𝒑𝒕 𝜼𝒎𝒂𝒙% 

1 0 800 0.886 0.468 

2 0 500 0.879 0.457 

3 0 200 0.868 0.438 

4 1.5 500 0.746 0.494 

5 1.5 200 0.717 0.477 

6 1.5 800 0.782 0.503 

7 3 200 0.713 0.482 

8 3 500 0.72 0.500 

9 3 800 0.726 0.509 

 

Through considering the determination coefficients, P-value, and F-value indicators, the Analysis 

of variance (ANOVA) test [37] is applied to evaluate the validity of the presented model. The more 

effective model terms are recognized with, the lower P-value and higher F-value. For model 

improvement purposes, the P-value>0.1 terms are omitted due to negligible effects on the model.  

Determination coefficients, corresponding to the model fitness, 𝑅2, 𝑅𝑎𝑑𝑗
2 , and 𝑅𝑝𝑟𝑒𝑑

2  are the three 

significant indicators, changing between 0 and 1, in which the 1 shows optimal fitness. 

Furthermore, the adequate precision (Adeq) is achieved through applying the signal to noise ratio 

value of above 4 in the regression model. ANOVA results for 𝜂 is listed in Table 8 with 𝑓𝑡𝑜𝑝𝑡 and 

𝜂𝑚𝑎𝑥 listed in Table 9. 

 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Table 8.  ANOVA results for response of 𝜂 % 

 

 

 

 

 

 

 

 

 

 

Table 9.  ANOVA results for response of 𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 % 

Model terms 

Responses 

𝒇𝒕𝒐𝒑𝒕 𝜼𝒎𝒂𝒙 % 

P-value F-value P-value F-value 

model <0.0001 169.43 <0.0001   3013.18 

𝑆𝑅 0.0029 16.36 <0.0001 3562.97 

𝐷𝐴 <0.0001 399.75 <0.0001 8407.69 

𝑆𝑅 × 𝐷𝐴 - - 0.0333 6.98 

𝑆𝑅2 - - <0.0001 154.18 

𝐷𝐴2 <0.0001 92.17 <0.0001 2056.82 

   

 𝑅2 = 0.9826 𝑅2 = 0.9995 

 𝑅𝑎𝑑𝑗
2 = 0.9768 𝑅𝑎𝑑𝑗

2 = 0.9992 

 𝑅𝑝𝑟𝑒𝑑
2 = 0.9526 𝑅𝑝𝑟𝑒𝑑

2 = 0.9954 

 Adeq. P. =35.384 Adeq. P. =181.941 

 

Fig. 5 illustrates the CFD-RSM approach schematically. Different SR values with 𝑓𝑡 and DA 

parameters are input to the numerical model in order to obtain the 𝜂. In the first round of the RSM 

method (Table 6), 𝜂 is utilized as the response of the independent variables (DA, 𝑓𝑡) for three 

Model terms 

Response 

𝜼 % 

P-value F-value 

model <0.0001 70.95 

𝑓𝑡 <0.0001 134.13 

𝐷𝐴 <0.0001 94.81 

𝑓𝑡 × 𝐷𝐴 0.0003 45.00 

𝑓𝑡2 0.0016 24.65 

𝐷𝐴2 0.0015 25.39 

  

 𝑅2 = 0.9807 

 𝑅𝑎𝑑𝑗
2 = 0.9668 

 𝑅𝑝𝑟𝑒𝑑
2 = 0.8115 

 Adeq. P. =29.170 
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different SR values, i.e., 200, 500, and 800 W/m2. The prediction of 𝜂 as a function of DA and 𝑓𝑡 

is taken out in this step. The derivation of that function concerning the 𝑓𝑡 provides the 𝑓𝑡𝑜𝑝𝑡 and 

𝜂𝑚𝑎𝑥. These calculated values are applied as the response of the independent variables (DA, SR) 

in the second round of RSM (Table 7). Finally, the 𝜂𝑚𝑎𝑥 and  𝑓𝑡𝑜𝑝𝑡 as a function of DA and SR is 

predicted. 

 

Fig. 5 Schematic view of the CFD-RSM approach  

3. Results and discussion 

The Manzanares SCPP geometry is utilized through changing DA to study the performance of the 

DSPP model. For this purpose, first, the impacts of the 𝑓𝑡 and DA at different constant SRs on the 
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chimney performance are investigated in detail. Next, the 𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 are calculated for different 

DAs and SRs. The results given in the initial part of this section are provided only for the SR=800 

W/m2. 

Fig. 6 shows the velocity distribution at different DA and 𝑓𝑡. The velocity is increased for all 

considered DAs at the collector. The highest velocity occurred at the chimney inlet because of its 

minimum cross-sectional area. The velocity remains constant while passing through the turbine 

because of the pressure-based turbine assumption, i.e., pressure is dropped in the rotor blade with 

a constant volume flow rate. Therefore, the velocity along the chimney is constant at DA=0°. 

However, it is decreased for other DAs due to the invariant cross-sectional area. Also, it is shown 

that the velocity is related inversely to 𝑓𝑡 and directly to DA.  

Fig. 7 represents the impact of DA and 𝑓𝑡 on the temperature distribution. The temperature 

throughout the two zones, including solid and fluid, is illustrated. It shows that the highest air 

temperature occurred near the ground. As 𝑓𝑡 enhances, the gradient of temperature in the solid 

zone decreased. The heat loss from the bottom of the ground is reduced; thus, the airflow absorbs 

more heat. Increasing 𝐷𝐴 leads to an increase in a solid zone temperature gradient, which results 

in a low temperature of airflow. 

The static pressure of the contour is illustrated in Fig. 8. The high values of 𝑓𝑡 results in high static 

pressure before entering the turbine while the trend is changed after exiting the turbine. It should 

be mentioned that the static pressure is reduced by increasing the DA at the 𝑓𝑡 values of 0.2 and 

0.55 while it increased at the 𝑓𝑡 = 0.9. In addition, there is a pressure drop at the turbine without 

any variation of air velocity.  
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Fig. 6 Air velocity contour 
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Fig. 7 Air temperature contour 
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Fig. 8 Air static pressure contour 
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Fig. 9 (a) and (b) show the interaction effects of the 𝑓𝑡 and DA on the volume flow rate and 

temperature rise at the collector, respectively. The volume flow rate is continuously reduced by 

increasing 𝑓𝑡 because of the high amount of loss of kinetic energy in the turbine. Furthermore, the 

volume flow rate shows the ascending curve with increasing the DA, especially in the lower 𝑓𝑡. 

This is attributed to the ∆𝑝𝑡𝑜𝑡𝑎𝑙 enhancement that has the highest influence on the volume flow 

rate. With the rise of 𝑓𝑡 from 0.2 to 0.9, the volume flow rate is lessened from 2063 m3/s to 435 

m3/s and from 1070 m3/s to 418 m3/s at DA=3° and DA=0°, respectively. 

The temperature rise (∆𝑇) is increased with the increase of 𝑓𝑡. Also, it is smoothly reduced by 

increasing DA. It can be concluded that ∆𝑇 is inversely related to the flow rate, which is consistent 

with Eq. (4). The lowest temperature rise is 16 K for DA=3°at 𝑓𝑡 = 0.2. On the other hand, the 

drawn diagram (Fig. 9 (b)) illustrates the highest temperature rise as 62 K for DA=3° at 𝑓𝑡 = 0.2. 

          (a)                                                                                 (b) 

 
Fig. 9 Interaction effects of 𝑓𝑡 and DA on (a) the volume flow rate and (b) the temperature rise at the 

collector at SR = 800 W/m2 
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The ∆𝑝𝑡𝑜𝑡𝑎𝑙 in DSPP is the sum of two parameters, namely the buoyancy and pressure recovery. 

Fig. 10(a), (b), and (c) show the influence of the DA and 𝑓𝑡 on the buoyancy force, the pressure 

recovery, and the ∆𝑝𝑡𝑜𝑡𝑎𝑙, respectively. The buoyancy force is lessened as the DA increases due to 

the reduction of temperature differences. The buoyancy force drops from 210 Pa to 114 Pa for 𝑓𝑡 

= 0.2 and from 447 to 426 for 𝑓𝑡 = 0.9. 

 On the other hand, pressure recovery is enhanced with increasing DA, which is more effective in 

the lower 𝑓𝑡 which is related to the outlet velocity reduction. The maximum pressure recovery 

with 467 Pa occurs for DA=3° at 𝑓𝑡 = 0.2 with the highest outlet velocity. Furthermore, since the 

chimney outlet-to-inlet area ratio is insignificant at DA=0, the minimum values of the pressure 

recovery become almost 5 Pa. Moreover, increasing 𝑓𝑡 results in the increment of the buoyancy 

force and the reduction of the pressure recovery. 

 According to Fig. 10(c), the ∆𝑝𝑡𝑜𝑡𝑎𝑙 is increased with the rise of 𝑓𝑡 at the lower DAs related to the 

dominant buoyancy force. While at the higher DA, ∆𝑝𝑡𝑜𝑡𝑎𝑙 has a different trend in a way that it 

decreases with increasing 𝑓𝑡 until it reaches a minimum value before starting to increase. In the 

descending part, pressure recovery has a higher effect than buoyancy, while vice-versa for the 

ascending part. By increasing DA, ∆𝑝𝑡𝑜𝑡𝑎𝑙 enlarges from 216 Pa to 582 Pa at 𝑓𝑡 = 0.2 while it 

remains approximately constant as 447 Pa at 𝑓𝑡 = 0.9. 
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           (a)                                                                                  (b) 

 
                                                                   (c)                                                                                                 

      
Fig. 10 Interaction effect of 𝑓𝑡 and DA on (a) buoyancy force and (b) pressure recovery, (c) total potential 

pressure at SR = 800 W/m2 
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𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 are discussed in detail as follows. Firstly, in each SR, the efficiency was obtained 

at different DA and 𝑓𝑡. Obviously, the 𝑓𝑡𝑜𝑝𝑡 is achieved by maximizing the 𝜂 as illustrated with a 

solid black line in Fig. 11(a) for SR=800 W/m2. The value of  𝜂 is increased by raising DA for all 

𝑓𝑡 at the constant SR due to the increment of the volume flow rate, which is more noticeable at 

lower 𝑓𝑡. Next, the RSM technique is applied to get the interaction effects between DA and SR on 

the 𝑓𝑡𝑜𝑝𝑡 as plotted in Fig 11(b). The range of SR and DA are between 200 W/m2 and 800 W/m2 

and 0° and 3°, respectively, which are covered in Fig. 11(b). The corresponding solid black line in 

Fig 11(a) is represented by curved black line in Fig. 11(b). The 𝑓𝑡𝑜𝑝𝑡 is continuously reduced by 

increasing DA, which is steeper in the higher SRs, e.g., 𝑓𝑡𝑜𝑝𝑡 is declined from 0.85 at an angle of 

0 to 0.7 at an angle of 3 at SR = 200 W/m2; however, it drops from 0.9 to 0.71 at SR = 800 W/m2). 

The 𝑓𝑡𝑜𝑝𝑡 is enhanced by increasing SR for all DAs; it is slightly influenced by the variations of 

SR at larger DAs. The 𝑓𝑡𝑜𝑝𝑡 ranges from 0.85 at SR = 200 W/m2 to approximately 0.9 at SR = 800 

W/m2 for DA at 0°, but this variation is lower at DA = 3°, which varies from 0.7 to 0.71. The results 

given in proposed model are in well agreement with the previous study for the DA=0° [26]. The 

following quadratic correlation is obtained by the RSM-CFD method for DSPP: 

𝑓𝑡𝑜𝑝𝑡 = 0.85 + (5.33 × 10−5  × 𝑆𝑅) − (0.12 × 𝐷𝐴) + (0.023 × 𝐷𝐴2)                                     (19)   
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Fig. 11 (a) Interaction effect of the 𝑓𝑡 and DA on the 𝜂 at SR=800 W/m2, (b) variation of the 𝑓𝑡𝑜𝑝𝑡 with 

DA and SR 

Finally, maximum efficiency (𝜂𝑚𝑎𝑥) is obtained at the 𝑓𝑡𝑜𝑝𝑡 for different DAs and SRs. As shown 

in Fig. 12, for all DAs, higher values of 𝜂𝑚𝑎𝑥 is achieved by increasing the value of SR. This 

increment is more prominent in the lower DA such that in DA=0ᵒ, it varies from 0.42% at SR = 200 

W/m2 to 0.48% at SR = 800 W/m2. However, the change for the same range of solar radiation at 

DA = 3ᵒ is from 0.47% to 0.50%. Also, the effect of DA on increasing 𝜂𝑚𝑎𝑥 is higher at the lower 

SRs. As DA varies from 0ᵒ to 3ᵒ, 𝜂𝑚𝑎𝑥 is increased around 0.06% and 0.04% at SR = 200 W/m2 and 

SR = 800 W/m2, respectively. The following relation is obtained for the 𝜂𝑚𝑎𝑥 at the DSPP: 

𝜂𝑚𝑎𝑥 = 0.42 + (9.57 × 10−5  × 𝑆𝑅) + (0.03 × 𝐷𝐴) − (1.66 × 10−6  × 𝐷𝐴 × 𝑆𝑅) − (4.71 ×

10−8  × 𝑆𝑅2) + (0.023 × 𝐷𝐴2)                                                                                                      (20)   
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Fig. 12 Variation of the 𝜂𝑚𝑎𝑥 with DA and SR 

4. Conclusion 

The main goal of the present article is to propose an RSM-CFD approach in order to investigate 

the 𝑓𝑡𝑜𝑝𝑡to reach the maximum efficiency of DSPP. For the first time, the DSPP performance 

under different DAs, 𝑓𝑡s, and SRs are evaluated through 2D  axisymmetric numerical simulation 

and the RSM approach for the Manzanares prototype. The main findings are as follows: 

1. Theoretical relationships indicate that the maximum power and the 𝑓𝑡𝑜𝑝𝑡 for the CSPP is 

different from that of DSPP. 

2.  The volume flow rate in constant SR is enhanced by lowering the value of  𝑓𝑡 and increasing 

DA. The steeper curve of flow rate is achieved with respect to DA at the lower 𝑓𝑡s. 
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3. There is an inverse relationship between the effect of DA and 𝑓𝑡 on the temperature rise at the

collector. Higher values of 𝑓𝑡 result in a more significant temperature rise, while higher values of 

DA result in lower temperature rise. 

4. The behavior of pressure recovery is in contrast to the buoyancy force such that the higher values

of the pressure recovery are achieved in higher DA values and lower  𝑓𝑡. 

5. The curve of total potential pressure (∆𝑝𝑡𝑜𝑡𝑎𝑙) is ascending for lower DA while it is not the case

in a high value of DA. 

6. A quadratic correlation of 𝑓𝑡𝑜𝑝𝑡 and 𝜂𝑚𝑎𝑥 as a function of SR and DA is provided for the

Manzanares prototype. 

7. 𝑓𝑡𝑜𝑝𝑡 varies in the range of 0.71 to 0.89. It is reduced by increasing the value of DA and lessening

the SR. 

8. The enhancement of 𝜂𝑚𝑎𝑥 from lower DAs to higher DAs is more remarkable at lower SRs. It is

0.06% and 0.04% at SR = 200 W/m2 and SR = 800 W/m2, respectively. Furthermore, 𝜂𝑚𝑎𝑥 is

improved with the rise of SR at all DAs. 

The calculated 𝑓𝑡𝑜𝑝𝑡 at different DAs and SRs improve the efficiency of DSPP and is highly 

instrumental in the preliminary turbine design stages. Therefore, it is expected that the RSM-CFD 

method proposed here would be a pathway to predict the DSPP performance in different operating 

conditions. 
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