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Abstract 

Modern civilisations rely heavily on non-renewable energy resources such as gas and 

petroleum for power generation, where these resources are employed in various sectors, 

be it global economic domination or social development. The after-effects that impact the 

environment and social well-being are inevitable with elevated usage of perishable energy 

resources. Hence, the usage of renewable energy is dynamically encouraged and explored 

to sustain the current global advancement with minimal or no adverse effect on the 

ecosystem. This work proposed the application of a Vertical Axis Wind Turbine (VAWT), 

namely, the Savonius Style Wind Turbine (SSWT) in the Solar Chimney Power Plant 

(SCPP), which is a form of a renewable energy system that utilises solar radiation for its 

operation. Previous literature on power extraction improvement in the SCPP showed that 

there had been limited exploration of the turbine component of the system. Moreover, the 

performance of the SSWT in the collector region of the SCPP has not been analysed. Thus, 

this research explored the effectiveness of the SSWT under two different axes of 

operations in the SCPP (i.e., Horizontal Installation (HIns) and Vertical Installation 

(VIns)). The SSWT was validated using experimental and numerical values obtained from 

previous studies by Roy and Saha (2015), and Roy and Ducoin (2016). The SCPP model 

was validated against the experimental results reported from the Manzanares plant in 

Spain. ANSYS Fluent was used for the numerical analysis, where the Sliding Mesh 

approach was utilised for the SSWT, while the radiation model was adopted for the 

SCPP. The optimal operation of the SCPP was suggested through the operational axis of 

the Savonius turbine, which was defined based on the fluid flow velocity, pressure and 

power output of the system. The fluid flow velocity in the collector region was enhanced 

by 72.84% with 1° chimney divergence and 114.21% with 2° chimney divergence 

compared to the conventional chimney design. The analysis of the best performing 

configuration showed that the HIns performed better than the VIns with a conventional 

chimney design and a 1° chimney divergence design by 2.78% and 3.92%, respectively. 

However, the inverse was encountered with 2° chimney divergence, where the VIns 2° 

outperformed the HIns 2° by 58.97%. The performance comparison of the SSWT between 

different chimney divergence suggested that with 1° chimney divergence, the VIns 1° and 

HIns 1° improved by 41.67% and 43.24% compared to VIns 0° and HIns 0°, respectively. 

The power augmentation of VIns 1° and  HIns 1° enhanced by 634.46% and 640.94% 

compared to VIns 0° and HIns 0°. With 2° chimney divergence, the performance of the VIns 

2° was increased by 8.33%, but the HIns 2° was reduced by 56.76% compared to VIns 0° 

and HIns 0°. Nevertheless, the power production of VIns 2° and HIns 2° increased by 

970.48% and 327.44% against the VIns 0° and HIns 0° due to higher fluid flow velocity 

resulting from the 2° chimney divergence. The greater fluid flow velocity caused by the 

1° and 2° chimney divergence resulted in a substantial boost in power. The performance 

of the SSWT enhanced by 22.22% compared to VIns 0° under the influence of the guide 

vane and shield at 45° (GVS 45°). In the presence of a deflector, the performance of the 

SSWT with Def 150° improved by 6.67% against VIns 0°. The numerical analysis 

provided positive results in improving the turbine component's efficiency with the 

application of the SSWT under various configurations in the SCPP.   
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CHAPTER 1  

INTRODUCTION 

1.0 Introduction 

1.0.1 Solar Chimney Power Plants 

The solar chimney power plant, SCPP, is currently one of the potential solar energy 

conversion systems for commercial electrical power generation. The SCPP converts 

the solar energy indirectly to electrical energy using the collector as a heat exchanger, 

the chimney as a pressure tube to exhaust the generated buoyant air from the collector 

and the turbine to extract the energy in the buoyant air while the mechanical energy 

generated from the rotation of the turbine is extracted to electricity using a generator. 

The solar chimney has been identified to be of long service should the efficiency be 

improved (Zhou, Yuan and Bernardes 2013; Bernardes and Zhou 2013). Schlaich 

(1995) and Schlaich et al. (2005) stated that the chimney component of the SCPP, 

when constructed to standard specification with reinforced concrete in areas having 

dry climatic conditions, will have an unlimited lifetime. The SCPP is made up of three 

components, namely, the collector, the chimney and the turbine. The collector 

currently has about 20% to 30% efficiency, the turbine efficiency has been proven to 

be above 66% efficiency for a shrouded wind turbine, while the chimney efficiency 

has mainly been a function of the chimney height and ambient temperature (Al-

Kayiem and Aja 2016). Currently, the major issues associated with the SCPP are based 

on the chimney component and the collector. The chimney efficiency for a 1000 m 

height cylindrical tube has been found to be in the range of 3%. Consequently, the total 

efficiency of the SCPP will be affected considering that the efficiency of the SCPP is 

a product of the efficiencies of the collector, chimney and turbine efficiencies. Figure 

1.1 illustrates the main components of the SCPP and operation manner of the working 

fluid, where point 1 is the solar-air-collector inlet, point 2 is the solar-air-collector 

outlet, point 3 is the turbine region and point 4 is the chimney region. 
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Figure 1.1: Components and operating illustration of a Solar Chimney Power Plant 

(Beneke, Fourie and Huan 2016) 

1.0.2 Wind turbines  

Wind turbines are typically used to convert kinetic energy into mechanical energy for 

power generation. Predominantly, wind turbines can be categorized based on their axis 

of rotation, namely, the horizontal axis wind turbine (HAWT) and the vertical axis 

wind turbine (VAWT). The vertical axis wind turbines are also known as the drag type 

wind turbines. This is due to the drag principle used to generate torque unto the rotating 

shaft (Yunus 2010). Figure 1.2 shows the types of vertical axis wind turbines. 

 

Figure 1.2: Types of vertical axis wind turbine (Schaffarczyk 2020) 

One of the biggest benefits of the VAWT is the ability to function without a specific 

wind angle (Schaffarczyk 2020). The Savonius wind turbine is a type of vertical axis 
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wind turbine that works based on the drag principle. This wind turbine is able to 

perform well in low wind velocities due to its low starting torque capabilities and its 

general independence towards wind direction (Wenehenubun, Saputra and Sutanto 

2015). 

1.1 Problem Statement 

Conventionally, SCPPs are designed such that the ground acts as the absorber/heat 

exchanger, thus requiring a large area of flat land with no alternative usage for the 

operation of the system (Schlaich et al. 2005; Zhou and Xu 2014). The SCPP 

undergoes a serial energy conversion process leading to losses at the different 

processes as well as contributing to the low plant efficiency, which the SCPP is 

suffering as a setback (Al-Kayiem et al. 2019b). The energy from the sun is dependent 

on location, season and time of the day, thus leads to fluctuation of the power generated 

by the plant at various times of the day across the year (Al-Kayeim, Aurybi and Gilani 

2019). The turbine component being the only moving part in the SCPP, has received 

minimal focus on performance enhancement (Guo et al. 2019). Most literature exhibits 

the SCPP’s performance based on the air velocity, temperature and optimum power 

generation without including the turbine region (Hooi and Thangavelu 2018; Patel, 

Prasad and Ahmed 2014; Zhou et al. 2008; Ming et al. 2008). Moreover, the 

performance enhancement studies that were performed experimentally and 

numerically with the turbine region employing a real wind turbine are comparatively 

minute (Guo et al. 2015; Gannon and von Backstro¨ m 2003; Tingzhen et al. 2008; 

Gholamalizadeh and Chung 2017a, 2017b; Ayadi, Driss, et al. 2018a; Ayadi, Driss, et 

al. 2018b; Fluri 2008; Ayadi, Nasraoui, et al. 2018). Although a commendable number 

of improvement studies have been conducted on the chimney region, very few 

investigate the effects of a diverging chimney on the performance of the SCPP (Hu, 

Leung and Chan 2017; Hassan, Ali and Waqas 2018). The addition of guiding vanes 

to improve fluid attack on turbine blades has claimed improved performance in the 

turbine component, although the benefit is confined to its constrained parameters and 

model type. (Negrou et al. 2018; Denantes and Bilgen 2006; Fluri 2008).  
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1.2 Objectives 

Following the challenges associated with SCPP as in Section 1.1, the objective of this 

study is to investigate the performance of the SSWT and chimney components in 

improving the overall power generated by the system. The above main objective will 

be achieved by accomplishing the sub-objectives listed below.  

1. To numerically model and investigate the performance of the SSWT in the SCPP. 

2. To numerically study the effect of the conventional and divergent chimney on the 

performance of the SSWT. 

3. To numerically study the effect of guide vanes introduction on the performance 

of the SSWT in the SCPP. 

1.3 Significance of Study  

Several significant factors can be addressed through this research. This section 

discusses the economic, social and environmental importance of the proposed study.  

Firstly, the proposed new design of the turbine and chimney region improves the 

performance of the SCPP. The design consisting of guide vanes and a diverging 

chimney is predicted to command greater power output than models without either one 

of the properties. With this outcome, the constraints of the turbine and the chimney 

section on its low efficiency can be lessened. While the conventional operational 

methods of the Manzanares plant produced an efficiency not exceeding 0.05%, the 

current SCPPs from previous literature states that the plant efficiency is around 2% 

compared to the Manzanares plant (Schlaich et al. 2005). The prediction of more 

significant power augmentation through the efficiency enhancement of the turbine and 

chimney components through this work can lighten the economic constriction of the 

SCPP.  

Secondly, the suggested layout of the SCPP is able to contribute to the society living 

around the area of construction. The proposed design of the SCPP is able to generate 

energy through natural means at a low maintenance cost. This will be highly beneficial 

for the surrounding population as it can compensate a certain percentage of daily 

electricity consumption throughout the day, thereby indirectly reducing the daily living 

costs of residential areas near the SCPP. Furthermore, since many turbine installations 
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for power extraction are recommended in this work, the conclusion of this study 

supports simpler maintenance of the turbine component without halting the overall 

power generation. 

Thirdly, the energy produced from the proposed SCPP design is a form of green energy 

based on its natural operating means that positively affects the environment. The 

power generated from the SCPP can compensate certain, if not all, of the electrical 

energy produced through coal-fired power plants. Increased usage of the proposed 

SCPP design decreases the dependency on fossil fuels as an energy source for power 

generation, thereby reducing the adverse effects of non-renewable energy on the 

environment, such as the emission of greenhouse gases.  

1.3.1 Scientific Merits 

The driving force of the wind turbine is attained from the airpower generated in the 

SCPP system. The power in the air is dependent on the buoyant air velocity. The design 

of the solar chimney has always been such that the air in the collector will be sufficient 

for low solar radiation for the plant to operate. The plant is restricted by the inlet height 

of the collector and the associated inclined angle, which determines the air volume in 

the system. The maximum power available to be harnessed by the turbine in open flow 

operation from the wind flow stream is formed upon taking the velocity of the wake 

region, Vw into consideration as shown in Equation 1.1. The wake velocity acts as a 

disturbance in fluid flow at the turbine region, where if minimised, higher power can 

be yield from the upstream buoyant air velocity. This can be achieved by introducing 

guide vanes at the energy extractor, which promotes the optimum angle of air attack 

on the turbine blades for maximum power yield. In addition, Equation 1.1 depicts that 

the power extraction by the rotor is also dependant on the pressure differential, ∆pd 

between the inlet and the exit of the chimney, in which the turbine is positioned. Thus, 

decreasing the diffuser exit pressure well below the atmospheric pressure promotes 

greater power augmentation. To do this, increasing the divergence angle of the 

chimney to a certain limit is expected to achieve lower backpressure at the rear of the 

turbine. 

𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑏𝑦 𝑟𝑜𝑡𝑜𝑟 = 𝑄 [
1

2
𝜌𝑉𝑢

2 −
1

2
𝜌𝑉𝑤

2] − 𝑄∆𝑝𝑑 1.1 
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1.4 Scope of Work 

In this proposed research, several numerical studies were conducted to evaluate the 

SCPP's performance-enhancing properties. Firstly, the performance of a proposed 

Vertical Axis Wind Turbine (VAWT) in the SCPP was analysed by incorporating the 

data obtained from the validated SCPP. The operation of the proposed VAWT was 

studied under two different configurations. 

Secondly, the performance of a diverging chimney on the SCPP was investigated. The 

difference between the angle of divergence of the chimney was studied for its best 

ability to generate power. The influence of two different chimney divergent angles on 

the performance of the VAWT was explored. The optimum configurations of these 

parameters on the power generation based on the air velocity of the wake region, 

pressure, and power production were determined.   

Thirdly, the impact of adding guiding vanes in the turbine area was studied. The 

performance of the guide vanes on power augmentation was examined under various 

parametric parameters, such as the angle of the guide vanes and their location with 

regard to the rotors. The guide vanes with the best dimensional arrangement for an 

optimum air attack on the turbine blades were analysed. 

The numerical studies planned for this work was performed using the Computational 

Fluid Dynamics Software (CFD), ANSYS Fluent, as it is versatile in predicting 

numerous performance effects of a model by manipulating the parametric dimensions 

in a short span of time at a minimal cost. The numerical models were developed based 

on the dimensions of the Manzanares plant constructed in Spain and the previous 

experimental and numerical studies conducted on the proposed turbine.  

1.5 Summary of Chapter 1 

This chapter discussed the general out-view of a Solar Chimney Power Plant (SCPP) 

where it was introduced as a renewable form of power production, the problem 

statement revolving around the SCPP, which conversed the current lacking in the 

system, the main objective of this study, which is to understand the performance of the 

proposed VAWT on power generation in the SCPP, the significance and scientific 

advantages of conducting this research and the scope of work undertaken in this 

investigation, to ensure its feasibility within the speculated time-frame and the budget 

of the project. 
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CHAPTER 2 

LITERATURE REVIEW 

2.0 Introduction 

This section presents the studies conducted by researchers in the past on SCPP and 

their developments. The section discusses the fundamental principles of SCPP, the 

effects of various components on the plant operation, the impact of ambient and other 

conditions on plant operations and performance. It also reports the different hybrid 

models developed and their model contributions. The enhancement studies conducted 

on the turbine region has also been covered in this section.  

2.1 Background 

The concept of buoyancy-driven flow employed in SCPP could be traced to the 

procedure employed by Leonardo da Vinci (1452-1519), who used a buoyancy driven 

windmill to spin meat in a roasting spit for even heating (Francke et al. 2013). This 

same concept was later employed by a Spanish Colonel, Isidoro Cabanyes in 

describing the first fundamentals of SCPP in 1903 in his work titled “Proyecto de 

motor solar (solar engine project)” (Bernardes 2011). Another important milestone in 

the history of SCPP is the proposal by Professor Bernard Dubos in 1926 to the French 

Academy of Science to consider solar energy power as an alternative energy for the 

future by constructing an SCPP at the tall mountains in North Africa and export the 

energy to Europe. The proposal of constructing a large scale SCPP was considered 

expensive at the time, as other energy sources were comparatively cheaper (Al-Kayiem 

and Aja 2016). Several other works were published as patents between 1926 and 1978 

before Professor Schlaich presented the SCPP technology again in a congress which 

birthed the first operational SCPP that was constructed between 1980 and 1982 and 

was employed for 50 kW daily energy generation till its decommissioning in 1989 

(Pasumarthi and Sherif 1998). Figure 2.1 illustrates the collector, turbine and chimney 

region in the first pilot plant in Manzanares, Spain.  
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Figure 2.1 Pioneer SCPP prototype at Manzanares, Spain (Guo et al. 2019) 

The development of the first operational SCPP by Schlaich (Haaf et al. 1983) 

supported by results of the experiments (Lautenschlager, Haaf and Schlaich 1985; 

Haaf 1984b) brought clarity to the concept. The SCPP has been a focal point to most 

researchers involved in low temperature solar thermal power plants for electricity 

generation. A proof of the concept was not enough for the commercialization of the 

plant as many countries were focused on the cost of energy generated from the plant, 

the initial investment cost, the payback period and the plant efficiency. These points 

mentioned are all the functions of the plant’s efficiency when considering the 

investment and return over time. Researches in the solar chimney power plant have 

indicated that the two major areas of concern to the success of the plant are the open-

solar-air collector and the chimney components of the plant. The solar air collector 

operates with an efficiency of about 20% to 30%, while the chimney has an efficiency 

of about 3% for a 1000 m high chimney and less than 1% efficiency for a 300 m high 

chimney (Schlaich 1995). This can be shown using the chimney efficiency, 𝜂𝑐ℎ in 

Equation 2.1 which is a function of the gravitational acceleration 𝑔, chimney height 

𝐻𝑐, specific heat capacity of air 𝑐𝑝 and the ambient temperature at ground level 𝑇0.  

𝜂𝑐ℎ =
𝑔 ∙ 𝐻𝑐

𝑐𝑝 ∙ 𝑇0
 2.1 
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2.2 Principle of Operation of SCPP 

The fundamental principles of operation of SCPP have been described in different 

research, which includes the collector operating principles, chimney and turbo-

generator principles. In line with the three operating components of the SCPP, the 

subsections below describe their operations by components. 

2.2.1 Operating Principles of Open-Solar-Air Collector 

The fundamental principles of the open-solar-air collector can be described with the 

energy conversion processes that occur at the collector. The open-solar-air collector 

comprises of an absorber (which materials may be made of ground, concrete, metal 

plate and others), a transparent cover held over the absorber using structures and the 

operating fluid (air). The flow and energy interaction in the solar collector are 

described using the fundamental laws of thermodynamics. The flow and the energy 

equations incorporated in the collector analysis include continuity, momentum and 

energy. The continuity of flow in a solar collector with both ends open could be 

described as a flow through a pipe, as shown in Equation 2.2. Similarly, the momentum 

generated by buoyant fluid in the flow direction can be explained using Equation 2.3 

in laminar-steady state fluid flow (Pretorius 2004; Pretorius and Kröger 2006; 

Hedderwick 2000). 

𝜕

𝜕𝑟
(𝜌𝑎𝑖𝑟𝑣𝑐𝑜𝑙−𝑒𝑥𝑖𝑡𝑟𝑐𝑜𝑙𝑙ℎ𝑔_𝑐) = 0 2.2 

𝜌𝑎𝑖𝑟𝑣𝑐𝑜𝑙𝑙−𝑒𝑥𝑖𝑡ℎ𝑔_𝑐

𝜕𝑣𝑐𝑜𝑙𝑙−𝑒𝑥𝑖𝑡

𝜕𝑟
= ℎ𝑔_𝑐

𝜕𝑝𝑠𝑦𝑠_𝑎𝑖𝑟

𝜕𝑟
− 𝜏𝑠𝑦𝑠_𝑎𝑖𝑟 2.3 

In the above equations, 𝜌𝑎𝑖𝑟 represents the average air density with respect to the 

hydrodynamic diameter of the flow channel of the collector described in radius form, 

𝑟𝑐𝑜𝑙𝑙 is the hydrodynamic radius of the collector, 𝑣𝑐𝑜𝑙𝑙−𝑒𝑥𝑖𝑡 is the collector exit air 

velocity, ℎ𝑔_𝑐 is the distance between the ground and the cover where the air flows, 

𝜏𝑠𝑦𝑠_𝑎𝑖𝑟 is the shear stress present in the buoyant air in the open-solar-air collector due 

to the drag present from the braces that provide support  to the cover of the collector 

and the friction loss caused due to the air flow and the collector wall, and 𝑝𝑠𝑦𝑠_𝑎𝑖𝑟 is 
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the difference in pressure between ambient air and the air inside the collector (Al-

Kayiem and Aja 2016).  

The energy interactions in the collector can be associated to the energy source, the 

energy conversion and transfer processes, and the materials that carry the energy in 

and out of the system. The source of energy to the solar collector when there is no 

supplementary energy source is mainly the sun. The collector gains energy from the 

sun by converting the solar radiation into thermal energy at the absorber or ground 𝑆𝑔 

and the cover 𝑆𝑐. The total energy gained by the collector is transferred in the form of 

radiation, convection and conduction at different sections of the collector system. To 

analyse this interaction or energy transfer, energy balance at different collector 

components could be applied. The energy balance includes energy balance at the 

cover, ground and flow channel.  

2.2.1.1 Energy balance at ground level 

At the ground, the energy gained is transferred in the form of radiation between the 

ground and the cover 𝑞𝑔_𝑐−𝑟𝑎𝑑, convection between the ground and the working fluid 

(air), 𝑞𝑔_𝑎𝑖𝑟−𝑐𝑜𝑛𝑣, and conduction between the ground surface and the earth-core 

𝑞𝑔_𝑐𝑜𝑟𝑒−𝑐𝑜𝑛𝑑 as expressed in Equation 2.4.  

𝑆𝑔 = 𝑞𝑔_𝑐−𝑟𝑎𝑑 + 𝑞𝑔_𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 + 𝑞𝑔_𝑐𝑜𝑟𝑒−𝑐𝑜𝑛𝑑  
2.4 

Where 𝑞𝑔_𝑐𝑜𝑟𝑒−𝑐𝑜𝑛𝑑 = −𝑘𝑔
𝜕𝑇𝑔

𝜕𝑧
|

𝑧=0
  , 

𝑘𝑔 represents the thermal conductivity of the ground with respect to depth of the core, 

𝜕𝑇𝑔 represents the change in temperature between the ground surface and the core, and 

𝜕𝑧 represents the change in depth from the ground surface towards the core. 

2.2.1.2 Energy balance at the cover level 

At the cover, the interaction of the energy in the solar collector includes energy gain 

from the ground re-radiated heat transfer and the absorbed energy from the sun, and in 

some cases, mostly in the morning, the cover gains energy from the buoyant air. This 

energy gained by the cover can be transferred to the ambient in the form of radiation 
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to the sky, 𝑞𝑐_𝑠𝑘𝑦−𝑟𝑎𝑑, convective thermal loss to the ambient by wind effect 

𝑞𝑐_𝑤𝑖𝑛𝑑−𝑐𝑜𝑛𝑣, and may have some transfer of heat from the cover to the working fluid 

when the cover temperature exceeds the temperature of the working fluid, 𝑞𝑐_𝑎𝑖𝑟−𝑐𝑜𝑛𝑣. 

Thus, there are two cases in which convective heat transfers are considered. In the case 

when the temperature of the air is higher than the temperature of the cover, the cover 

gains heat from the air by convection and also gain heat from the ground by re-

radiation heat transfer as shown in Equation 2.5 and Equation 2.6. On the other hand, 

when the cover temperature exceeds the temperature of the air, the cover transfers heat 

to the working fluid as depicted in Equation 2.7 and Equation 2.8 (Al-Kayiem and Aja 

2016). 

𝑆𝑐 + 𝑞𝑔_𝑐−𝑟𝑎𝑑 + 𝑞𝑐_𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 = 𝑞𝑐_𝑤𝑖𝑛𝑑−𝑐𝑜𝑛𝑣 + 𝑞𝑐_𝑠𝑘𝑦−𝑟𝑎𝑑 
2.5 

𝑆𝑐𝐴𝑐 + ℎ𝑔𝑐−𝑟𝑎𝑑𝐴𝑔(𝑇𝑔 − 𝑇𝑐) + ℎair_c-conv𝐴𝑐𝑜𝑣(𝑇𝑎𝑖𝑟 − 𝑇𝑐) 

= ℎc_wind-conv 𝐴𝑐(𝑇𝑐 − 𝑇𝑤𝑖𝑛𝑑) + ℎ𝑐_𝑠𝑘𝑦−𝑟𝑎𝑑𝐴𝑐(𝑇𝑐 − 𝑇𝑠𝑘𝑦) 

2.6 

𝑆𝑐 + 𝑞𝑔−𝑟𝑎𝑑 = 𝑞𝑐−𝑤𝑖𝑛𝑑 + 𝑞𝑐−𝑟𝑎𝑑 + 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 2.7 

𝑆𝑐𝐴𝑐 + ℎ𝑔𝑐−𝑟𝑎𝑑𝐴𝑔(𝑇𝑔 − 𝑇𝑐) = ℎair_c-conv𝐴𝑐𝑜𝑣(𝑇𝑎𝑖𝑟 − 𝑇𝑐)
 

+ℎc_wind-conv 𝐴𝑐(𝑇𝑐 − 𝑇𝑤𝑖𝑛𝑑) + ℎ𝑐_𝑠𝑘𝑦−𝑟𝑎𝑑𝐴𝑐(𝑇𝑐 − 𝑇𝑠𝑘𝑦) 

2.8 

Equation 2.9 presents the heat transfer coefficient through radiation from the cover to 

the sky, where 𝜎 is the Stefan-Boltzmann constant, 𝜀𝑐 is the transparent cover 

emittance, 𝑇𝑐 is the temperature of the transparent cover, 𝑇𝑠 is the temperature of the 

sky and 𝑇𝑎 is the ambient temperature. The temperature of the sky can be calculated 

using Equation 2.10. The convective heat transfer coefficient between the air in the 

system and the transparent cover can be determined using Equation 2.11, where the 

𝑘𝑡, air _𝑐 is the thermal conductivity between the air in the system and the transparent 

cover and 𝐻g_c is the height between the ground and the collector cover.  

ℎ𝑐_𝑠𝑘𝑦−𝑟𝑎𝑑 =
𝜎𝜀𝑐(𝑇𝑐

2 + 𝑇𝑠
2)(𝑇𝑐 + 𝑇𝑠)(𝑇𝑐 − 𝑇𝑠)

(𝑇𝑐 − 𝑇𝑎)
 2.9 
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𝑇𝑠 = 0.0552𝑇𝑎
1.5 

2.10 

ℎair _c-conv = 𝑁𝑢air-c (
𝑘𝑡, air _𝑐

𝐻g_c 
) 

2.11 

The thermal conductivity of the thin air film near the cover region is presented in 

Equation 2.12, where 𝑇𝑡,𝑎𝑖𝑟_𝑐 is the average temperature between the air in the system 

and the collector cover, which can be calculated using Equation 2.13.  

𝑘𝑡, air _𝑐 = 0.0257 (
𝑇t, air _𝑐

293
)

0.86

 2.12 

𝑇𝑎𝑣𝑒,𝑎𝑖𝑟_𝑐 =
𝑇𝑎𝑖𝑟 + 𝑇𝑐

2
 2.13 

The Nusselt number (Raithby and Hollands 1998) for the air near the cover region is 

presented by Equation 2.14, where the positive exponent represents the positive values 

resulting from the terms in the square brackets. Equation 2.15 presents the Rayleigh 

number for the air near the cover region, where the kinematic viscosity and thermal 

diffusivity are considered in Equation 2.16. 

𝑁𝑢air _𝑐 = 1 + 1.44 [1 −
1708sin (1.8𝛽)1.6

𝑅𝑎𝑎𝑖𝑟−𝑐cos (𝛽)
] [1 −

1708

𝑅𝑎𝑎𝑖𝑟−𝑐cos (𝛽)
]

+

+ [(
𝑅𝑎air −𝑐cos (𝛽)

5830
)

1

3
− 1]

+

  
2.14 

𝑅𝑎air _𝑐 =
𝑔 𝛽𝑡, air −𝑐

′  (𝑇air − 𝑇𝑐) 𝐻𝑔_𝑐
3

𝑣𝑡,𝑎𝑖𝑟_𝑐 𝛼𝑡,𝑎𝑖𝑟_𝑐
 2.15 

𝑅𝑎air _𝑐 =
𝑐𝑝𝑡,𝑎𝑖𝑟_𝑐 𝜌

𝑡,𝑎𝑖𝑟_𝑐
2  𝑔 𝛽𝑡,𝑎𝑖𝑟_𝑐

′ (𝑇𝑎𝑖𝑟 − 𝑇𝑐)𝐻 g_𝑐
3

𝜇𝑡,𝑎𝑖𝑟_𝑐 𝑘𝑡,𝑎𝑖𝑟_𝑐
 

2.16 where, 𝑣 =
𝜇

𝜌
 

            𝛼 =
𝑘

𝑐𝑝𝜌
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and      𝑣𝛼 =
𝜇𝑘

𝑐𝑝𝜌2 

Equation 2.17 presents the volumetric expansion coefficient of the thin air film near 

the cover region. 

𝛽𝑡,𝑎𝑖𝑟_𝑐
′ =

1

𝑇𝑡,𝑎𝑖𝑟_𝑐
 

2.17 

The dynamic viscosity, specific heat capacity and air density of the thin air film near 

the collector cover can be calculated using Equation 2.18, Equation 2.19 and Equation 

2.20 (John and Duffie 2013). 

𝜇air _𝑐 = 1.81 × 10−5 (
𝑇𝑡,𝑎𝑖𝑟_𝑐

293
)

0.735

 2.18 

𝑐𝑝𝑎𝑖𝑟_𝑐
= 1006 (

𝑇𝑡,𝑎𝑖𝑟_𝑐

293
)

0.0155

 2.19 

𝜌air_c =
97500

287.045𝑇𝑡, air_𝑐
 2.20 

2.2.1.3 Energy balance in the flow 

At the air flow channel of the collector, the energy gained by the air is either from the 

ground or from a combination of the ground and the cover by convection. The energy 

gained by the air is used to excite the internal energy of the air particles, which creates 

the driving force described as useful energy,  𝑞𝑢. When the temperature of the cover 

is lower than the temperature of the working fluid, the working fluid loses heat to the 

cover thus, the useful energy is as shown in Equation 2.21. Similarly, when the cover 

temperature gains heat such that its temperature is higher than that of the air, the air 

gains heat such that the useful energy equation could be represented as shown in 

Equation 2.22. 

𝑞𝑢 = 𝑞𝑔−𝑐𝑜𝑛𝑣 − 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 
2.21 

𝑞𝑢 = 𝑞𝑔−𝑐𝑜𝑛𝑣 + 𝑞𝑎𝑖𝑟−𝑐𝑜𝑛𝑣 2.22 
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The useful energy in the buoyant air can be analysed in the form of a driving force 

where the useful energy which is a function of the specific heat capacity of air 𝑐𝑝 and 

change in temperature can be explained in Equation 2.23, where the mass flow rate �̇� 

is described in Equation 2.24 with the collector air density 𝜌𝑐𝑜𝑙𝑙, collector air velocity 

𝑣𝑐   and collector area 𝐴𝑐 as its function. 

𝑞𝑢 = �̇�𝑐𝑝∆𝑇  2.23 

�̇� = 𝜌𝑐𝑜𝑙𝑙𝑣𝑐𝐴𝑐  2.24 

 

2.2.2 Operating Principles of the Chimney Component of the SCPP 

The following fundamental principles describing the operation of the chimney 

component of the SCPP is the differential pressure between the fluid volume in the 

chimney and the ambient air. The pressure variation is associated with the temperature 

difference leading to a drop in working fluid density which is the basis for the 

buoyancy effect experienced in the chimney (Al-Kayiem and Aja 2016). The pressure 

difference generated in the chimney is as shown in Equation 2.25 was presented by 

Schlaich (1995).  

∆𝑝𝑡𝑜𝑡 = ∫ (𝜌𝑎𝑚𝑏−𝑎𝑖𝑟 − 𝜌𝑎𝑖𝑟−𝑖𝑛)
𝐻𝑐ℎ

0

𝑑ℎ 2.25 

The working fluid in the chimney area undergoes certain thermodynamic processes 

which are expressed in terms of the continuity, momentum and air flow energy balance 

equations as expressed in Equation 2.26, Equation 2.27 and Equation 2.28. 

𝜕

𝜕ℎ
(2𝜋𝜌𝑎𝑖𝑟−𝑐ℎ𝑣𝑎𝑖𝑟−𝑐ℎ𝑟𝑐ℎℎ𝑐ℎ) =

𝜕

𝜕ℎ
(𝜌𝑎𝑖𝑟−𝑐ℎ�̇�𝑎𝑖𝑟−𝑐ℎ) = 0 2.26 

𝜌𝑎𝑖𝑟−𝑐ℎ�̇�𝑎𝑖𝑟−𝑐ℎ

𝜕�̇�𝑎𝑖𝑟−𝑐ℎ

𝜕ℎ
= −

𝜕𝑝𝑎𝑖𝑟−𝑐ℎ

𝜕ℎ
−

2𝜏𝑎𝑖𝑟−𝑐ℎ

𝑟𝑐ℎ
− 𝑔𝜌𝑎𝑖𝑟−𝑐ℎ 2.27 
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𝐶𝑝𝑎𝑖𝑟−𝑐ℎ𝑇𝑎𝑖𝑟−𝑐ℎ
𝜕

𝜕ℎ
(𝜌𝑎𝑖𝑟−𝑐ℎ�̇�𝑎𝑖𝑟−𝑐ℎ) +

𝜌𝑎𝑖𝑟−𝑐ℎ�̇�𝑎𝑖𝑟−𝑐ℎ
𝜕

𝜕ℎ
(𝐶𝑝𝑎𝑖𝑟−𝑐ℎ𝑇𝑎𝑖𝑟−𝑐ℎ) +

𝜕

𝜕ℎ
𝜌𝑎𝑖𝑟−𝑐ℎ𝑔�̇�𝑎𝑖𝑟−𝑐ℎ = 0  

2.28 

Where, 𝜌𝑎𝑖𝑟−𝑐ℎ represents the air density at any given height along the chimney, 𝑟𝑐ℎ 

represents the radius of the chimney, 𝑣𝑎𝑖𝑟−𝑐ℎ represents air velocity along the height 

of the chimney, ℎ𝑐ℎ represents the height of the air at any point of the chimney end to 

end, 𝜏𝑎𝑖𝑟−𝑐ℎ represents the shear stress experienced by the buoyant air flowing 

upwards towards the chimney end, �̇�𝑎𝑖𝑟−𝑐ℎ represents the volumetric flowrate of the 

chimney air, 𝐶𝑝𝑎𝑖𝑟−𝑐ℎ represents the specific heat capacity of the working fluid in the 

chimney at a defined height and 𝑇𝑎𝑖𝑟−𝑐ℎ represents the temperature of the working 

fluid at a defined height in the chimney (Al-Kayiem and Aja 2016).  

2.2.3 Operating Principles of the Wind Turbine Component 

The operating principles of the wind turbine are based on the flow energy available 

(kinetic energy in the buoyant air) to the turbine, which could be converted to 

mechanical and electrical energy using the turbine and generator.  

2.2.3.1 Maximum Power 

The total power of buoyant air readily available for conversion into electrical power is 

the kinetic energy resulting from the buoyancy in the air. The total power in the air at 

open space can be expressed as shown in Equation 2.29 (El-Wakil 1985).  

𝑃𝑡𝑜𝑡 =
1

2𝑔𝑐
𝜌𝐴𝑉𝑖

3 2.29 

Where 𝑃𝑡𝑜𝑡 represents the total buoyant air power, 𝜌 represents the average density of 

the air, 𝑔𝑐 is the power conversion factor (1 kg/Ns2), A represents the wind turbine 

surface area exposed to the incoming wind velocity and 𝑉𝑖 represents the incoming 

velocity of the air to the wind turbine blade.  

The total power generated in the buoyant air can be converted into mechanical energy 

by the wind turbine, but the energy extracted will depend on the turbine efficiency and 

the surrounding effect impact on the airflow as well as the turbine operation. For all 

the wind energy to be converted into mechanical energy at 100% efficiency, the exiting 
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air velocity after the turbine needs to be 𝑉𝑒 = 0. Similarly, the dispersion of the airflow 

stream should be zero, which is impracticable considering that wind cannot accumulate 

at the turbine exit (El-Wakil 1985). Thus, the optimum velocity of the exiting air, 𝑉𝑒,𝑜𝑝𝑡 

was defined by El-Wakil (1985) as shown in Equation 2.30 for non-bounded wind 

turbine exposed to air flow. 

𝑉𝑒,𝑜𝑝𝑡 =
1

3
𝑉𝑖 

2.30 

The maximum power that the turbine can harness in open flow operation from the 

wind flow stream is formed upon taking the optimum velocity of the exiting air 𝑉𝑒,𝑜𝑝𝑡 

into consideration as shown in Equation 2.31. The maximum turbine efficiency is 

simply the ratio of the maximum power harnessed from the wind to the total energy of 

the wind, which is expressed in Equation 2.32. The wind turbine efficiency shows that 

the wind turbine is able to harness around 60% only of the total power generated by 

the wind (El-Wakil 1985). 

𝑃𝑚𝑎𝑥 =
8

27𝑔𝑐
𝜌𝐴𝑉𝑖

3 
2.31 

 

𝜂𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝑃𝑡𝑜𝑡
=

8

27𝑔𝑐
× 2𝑔𝑐 =

16

27
= 0.5926 

2.32 

 

However, the wind turbine used in a solar chimney power plant is a shroud type wind 

turbine since the chimney region acts as a duct in which the wind turbine operates. The 

pressure balance equation for a ducted wind turbine with a cylindrical control volume 

expressed by Siavash et al. (2020) is described in Equations 2.33, 2.34 and 2.35.  

𝑝𝑢 +  
1

2
𝜌𝑉𝑢

2 = 𝑝𝑟
+ +

1

2
𝜌𝑉𝑟

2 2.33 

𝑝𝑟
− +

1

2
𝜌𝑉𝑟

2 = 𝑝𝑒 +
1

2
𝜌𝑉𝑒

2 + ∆𝑝𝑑 2.34 

𝑝𝑒 +
1

2
𝜌𝑉𝑒

2 = 𝑝𝑢 +
1

2
𝜌𝑉𝑤

2 2.35 

Where, 𝑝𝑟
+ represents the static pressure in front of the rotor plane, 𝑝𝑟

− signifies the 

static pressure behind the rotor plane and ∆𝑝𝑑 embodies the pressure drop across the 

duct (chimney region), 𝑝𝑢 is the upstream buoyant air pressure, 𝑉𝑢 is upstream buoyant 
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air velocity leading to the turbine respectively, 𝑉𝑟 describes the shrouded wind turbine 

rotor plane velocity, 𝑝𝑒 and 𝑉𝑒 represents the duct exit buoyant air pressure and 

velocity, and 𝑉𝑤 is the velocity in far-wake of the shrouded wind turbine.  

Equation 2.36 expresses the energy balance equation for a steady-state incompressible 

flow of the buoyant air in the chimney region of the solar power plant. The power 

extracted by the rotor of the shrouded wind turbine is shown to be a function of the 

upstream buoyant air velocity, far-wake air velocity, pressure drop across the turbine 

and airflow rate 𝑄. 

𝑃𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑏𝑦 𝑟𝑜𝑡𝑜𝑟 = 𝑄 [
1

2
𝜌𝑉𝑢

2 −
1

2
𝜌𝑉𝑤

2] − 𝑄∆𝑝𝑑 2.36 

The association between the upstream buoyant air velocity and the far-wake air 

velocity is further described in Equation 2.37 (Tavares Dias do Rio Vaz et al. 2014; 

Phillips 2003; Siavash et al. 2020). 

𝑉𝑤 = (1 − 2𝑎)𝑉𝑢 2.37 

Where 𝑎, is the axial induction factor represented as shown in Equation 2.38 (Tavares 

Dias do Rio Vaz et al. 2014). 

𝑎 =
1

1+K
  2.38 

In the above equation, K is a parameter integrating the function of shroud shape and 

turbine rotor geometry in the flow velocity, which can be evaluated using Equation 

2.39 (Tavares Dias do Rio Vaz et al. 2014). 

𝐾 =
4𝐹sin2∅

𝛾2𝜎𝑐𝑁
  2.39 

Where F is the Prandtl tip loss factor of the turbine, ∅ is the flow angle which is vertical 

for a cylindrical chimney, 𝛾 is the velocity speed-up ratio of the maximum axial 

velocity of flow in a shroud with relation to the upstream velocity, 𝜎 is the solidity of 

the turbine and 𝑐𝑁 is coefficient of normal force.  
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2.2.3.2 Actual power 

The real efficiency 𝜂 can be expressed as the product of the ideal efficiency and 𝜂𝑚𝑎𝑥, 

which is also the ratio of the actual power to the total power by the wind turbine as 

shown in Equation 2.40. 

𝑃 = 𝜂𝑃𝑡𝑜𝑡 = 𝜂
𝜌

2𝑔𝑐
𝐴𝑉𝑖

3 2.40 

Where 𝜂 is the real efficiency with values ranging between 30% and 40% for real 

turbines (El-Wakil 1985). 

2.3 Principle of Operation of the Modifed Savonius Wind Turbine 

The Savonius wind turbine works based on the drag principle. This novel SSWT 

incorporates the characteristics of the conventional SSWT with added lift performance 

due to its modified curved structure (Roy and Ducoin 2016). The performance 

characteristics of this novel turbine can be studied through the formula discussed in 

this subsection. 

The longitudinal coefficient of drag, 𝐶𝐷 and lateral coefficient of lift, 𝐶𝐿 experienced 

by the SSWT is expressed in Equations 2.41 and 2.42.    

𝐶𝐷 =
𝐹𝐷

1

2
𝜌𝐴𝑉2

  2.41  

𝐶𝐿 =
𝐹𝐿

1

2
𝜌𝐴𝑉2

  
2.42 

 

Where, 𝐹𝐷 is the drag force, 𝐹𝐿 is the lift force, 𝐴 is the swept area of the turbine (𝑚2) 

and 𝑉 is the free-stream wind speed (m/s). 

The total drag force, 𝐹𝐷 in the x-direction (N) and the total lift force, 𝐹𝐿 in the y-

direction (N) are represented in Equations 2.43 and 2.44. 

 𝐹𝐷 = 𝐹𝐷1 + 𝐹𝐷2  
2.43 

 

  𝐹𝐿 = 𝐹𝐿1 + 𝐹𝐿2 2.44 

Where 𝐹𝐷1, 𝐹𝐷2, 𝐹𝐿1 and 𝐹𝐿2 are the longitudinal and lateral forces (N) that is acting 

on both blades, 1 and 2, respectively. 
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The resulting force from the lift and drag is represented as resultant force coefficient, 

𝐶𝑟𝑒𝑠, presented in Equation 2.45. 

𝐶𝑟𝑒𝑠 = √𝐶2
𝐷 + 𝐶2

𝐿  2.45 

The performance of the turbine is characterized by the instantaneous moment 

coefficients (𝐶𝑀) and power coefficient (𝐶𝑃) presented in Equations 2.46 and 2.47. 

𝐶𝑀 =
𝑀

1

2
𝜌𝐴𝑅𝑉2

  
 

2.46 

 

𝐶𝑃 =
𝑃𝑡𝑢𝑟𝑏𝑖𝑛𝑒

𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
=

𝑃
1

2
𝜌𝐴𝑉2

=
𝑀

1

2
𝜌𝐴𝑅𝑉2

𝜔𝑠𝑅

𝑉
= 𝐶𝑀𝜆    

 

2.47 

 

𝑀 is the total moment generated from the advancing and returning blades of the 

turbine, 𝑃 is the generated power by the turbine (W), 𝜔𝑠 is the turbine rotation speed 

(rad/s), and R is the rotational radius of the turbine (m). 𝜆 is the tip speed ratio which 

is represented in Equation 2.48. 

𝜆 =
𝜔𝑠𝑅

𝑉
  2.48 

2.3.1 Turbine Settings for Sliding Mesh in CFD 

The time step setting and number of time steps for the transient analysis of the turbine 

is an important aspect to generate accurate results (Satrio et al. 2018). The time step 

size (TSS) and the number of time steps (NTS) found in the solution interface of 

ANSYS Fluent can be set in accordance with Equations 2.49 and 2.50. 

𝑁𝑇𝑆 = 𝑁
360

𝜃
  2.49 

𝑇𝑆𝑆 =
𝑁

(𝜔 𝑥 0.15915) 𝑥 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝
  2.50 

𝑁 is the number of rotations, 𝜃 is the time step rotation degree or angle in increment, 

𝜔 is the rotational speed of the turbine (rad/s) and 0.15915 is a conversion constant 

from rad/s to rot/s unit (Satrio et al. 2018). 

2.4 Geometrical Impact on The Performance of the SCPP 

The three main components that make up the operating system of SCPP include the 

open-solar-air collector, solar chimney and turbine-generator. Many studies have 
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shown that the collector area and the chimney height and radius strongly affect the 

performance of the SCPP (Das and Chandramohan 2019; Zou and He 2015; Guo et al. 

2019; Muhammed and Atrooshi 2019). The geometry of the collector cover and the 

chimney shape also has an impact on the system’s performance. Even for a rooftop 

solar chimney design, researchers have claimed that the increase in collector area and 

chimney height increases the air velocity, thus increasing system performance (Al-

Kayiem, Sreejaya and Gilani 2014). However, very few researchers have found the 

optimum geometry dimension needed for solar plants of different sizes. Cottam et al. 

(2019) inferred in their studies that the optimum performance of a solar plant relates 

to the collector radius, chimney height and chimney radius. They also stated that the 

relationship of the chimney’s performance to the collector radius, chimney diameter, 

and chimney height had an impact not only on electricity generation, but also on cost 

efficiency for developing smaller scale plants with a solar collector radius of up to 

3000m compared to larger plants.  Most studies showed that taller chimneys provide 

better system performance, however, the studies failed to include the economic aspects 

of it (Guo et al. 2019).  

Cuce, Sen, and Cuce (2020) analysed the influence of the chimney’s height on the 

performance of the SCPP. The analysis was performed by developing a 3D 

axisymmetric model using ANSYS Fluent, where the DO radiation model with solar 

ray tracing was incorporated. The influence of the five different heights of the chimney 

ranging from 100 m to 500 m was studied based on the maximum air velocity, mass 

flow rate, collector temperature rise, dynamic pressure variation at the turbine area, 

the efficiency of the whole system and the power output of the system. The analysis 

reported that the mass flow rate that was obtained from the maximum velocity had an 

exponential growth on H. Conversely, the collector temperature-rise decreased with 

increasing H. At the height of 500m, the overall efficiency was reported to be 0.67%. 

With a height of 200m and 500m of the chimney, the system was able to produce 55kW 

and 134kW, respectively. The power output (P) was proven to increase linearly with 

the increment in H. 

2.4.1 The Impact of Collector Glazing on the Performance of the SCPP 

Nasraoui, Driss, and Kchaou (2020) conducted an investigation on the system 

performance of SCPP with the aim of enhancing solar collector efficiency. They 



21 

 

developed two different models of solar collector covers where one model was with 

parallel air flow of double glazing, and the other was with counter air flow of double 

glazing, which the air enters from the top of the glass and circulate through the channel 

between the upper glass and the auxiliary glass while the air moves to the chimney 

through the space between the ground and the auxiliary glass. The above two models 

were modelled along with a conventional SCPP model to compare the performance of 

the models with the established system. The model with counter air flow showed an 

increase in the collector efficiency by 25.8% without increasing the solar collector 

ground surface area, while the parallel flow model showed an improved collector 

efficiency of 19.4% over the standard single glazing SCPP. 

2.4.2 The Impact of Collector Cover Inclination on the Performance of the SCPP 

Other studies have also tried to investigate the system’s performance with different 

collector cover tilt angles. Das and Chandramohan (2019) suggested that when the 

collector cover inclination increased, the air velocity was also increased. However, 

with an inclination angle of more than 20°, a decline in power output by 71.1% was 

observed. The same paper also reported that the power output improved by 83.4% 

when the diameter of the absorber plate was increased from 3.5 m to 12  m, but also 

resulted in a decrease in temperature gradient by 94.2% from the chimney base to the 

outlet (Das and Chandramohan 2019). Das and Chandramohan (2019) stated that the 

increase of chimney’s height from 3m to 8m significantly raised the air velocity by 

44% and subsequently reported a 93% increase in the plant power output.   

2.4.3 The Impact of Internal Guide Wall and Chimney Divergence on the 

Performance of the SCPP 

Hu et al. (2016) investigated the effect of guide walls on the performance of the SCPP 

and showed that the use of guide walls significantly increased the power output of 

SCPP. The guide wall was designed in the form of a frustum, where the top diameter 

is constant while the base diameter varies as well as the height of the frustum guide 

wall. The results showed that variation in the base diameter of guide walls had minimal 

impact on the power output, unlike the height of the guide walls. The study also 

investigated the effect of guide walls on diverging chimney designs and reported that 

the diverging chimney with guide walls had higher output power compared to the 

cylindrical chimneys that used the guide walls, with a range of power improvement of 
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880% for no guide wall and 690% for the system with 12 m guide wall at the chimney 

location, where the chimney heights were fixed at 195 m. 

Cuce et al. (2021) studied the impact of divergent and convergent chimney geometry 

on the performance of the solar chimney power plant. The work covered area ratio 

(AR) 0.5 to 10, which covered both divergent and convergent chimney designs. The 

performance of the chimney designs was evaluated based on the temperature, velocity 

and pressure distribution in the system, the temperature of air rise in the collector, 

turbine area mass flow rare, turbine area dynamic pressure difference, overall plant 

minimum static pressure, efficiency of the system and the power generated. The mass 

flow rate was suggested to increase by 45.18% when the AR was increased to an 

optimum value of 4 from AR=1. The efficiency of the system was claimed to be 

enhanced by 0.83%, with an AR of 4.1 compared to AR 1. The authors suggested that 

the electrical power of the improved design in its optimal AR value state could increase 

by 210.31% compared to the conventional Manzanares design.  

2.4.4 Effect of Thermal Storage on the Performance of the SCPP 

In an experiment conducted using sloped solar updraft power plants with a focus on 

increasing the power generation of the plant using thermal storage, Kalash, Naimeh, 

and Ajib (2013) showed that energy gained in the hours of sunshine was released 

during the cloudy hours of the day as well as night time. It was also shown that after 

solar noon, the energy held in the soil gradually reduced as solar energy decreased. 

The stored energy was transferred to the working fluid and served for an average of 3 

hours upon sunset. It was observed that the improvement in the power output was 

significant after solar noon and showed a daily power output improvement as a result 

of the after-sunset power generation.  

A study to compare the performance of SCPP operation with and without thermal 

storage was also conducted by Amudam and Chandramohan (2019). The analysis on 

both the models was carried out numerically at different timings, which are 10.00 am, 

12.00 pm, 1.00 pm, 2.00 pm and 4.00 pm, with model 2 extended until 8.00 pm. The 

study showed that the heat energy stored in the thermal storage was released to the air 

in the collector, resulting in a working system up till 8 pm. The maximum overall 

efficiency was reported to be 1.01% and 0.918% at 4 pm for the model, with and 

without TES respectively, due to the lower input heat and higher power generation at 
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that time. The study also showed that after 4 pm, the global solar radiation was low, 

resulting in no buoyancy-driven flow for energy generation from the model without 

TES since the ambient air now lacked thermal energy to cause a drive in the working 

fluid of the system. On the other hand, it was observed that the use of TES showed 

continuous energy generation, which declined through sunset to night-time. The 

overall efficiency of the plant for the system with TES at 7 pm and 8 pm was about 

1%, where the output power was 0.808W and 0.404W, respectively. 

2.4.5 Limitations of Geometrical Impact on the Performance of the SCPP 

Many previous works have studied the effects of the chimney height and the collector 

region (i.e., inclination, double glazing, area). The impact of heat storage to improve 

the plant’s power generation has also been widely studied. However, the 

implementation of guide walls and divergent chimneys, which augments high power 

output is rarely investigated.  

2.5 Environmental Effects on the Performance of the SCPP 

Ming et al. (2012) studied the influence of ambient crosswinds (ACW) on the power 

generation of an SCPP, considering the wind sweep across the plant’s collector and 

the chimney outlet.  The results of the study reported that a strong ACW, with a 

velocity above 10 m/s across the chimney outlet at solar radiations over 0 𝑊/𝑚2 

increased the mass flow rate, concurrently increasing the output power. Whereas a 

weak ACW, less than 10 m/s, deteriorated the flow in the chimney since the low wind 

speed acted as a cover at the chimney outlet, causing a low power production. Based 

on Bernoulli's principle, higher ACW velocity over the chimney causes a negative 

pressure area which promotes a suction effect through the SUPPS’s chimney outlet.  

A similar study by Shen et al. (2014) also reported the benefits of a strong ACW on 

the power generation even at low solar radiations, indicating that there is less pressure 

across the chimney exit when the wind velocity across the chimney is high. In support 

of the negative effect of low velocity ACW, Pretorius and Kröger (2009) reported in 

their work that the presence of ACW significantly reduced the power generation in the 

SCPP by approximately 10% annually as compared to the same plant that does not 

face such wind surroundings. Guo et al. (2019) investigated the effect of ACW on the 

performance of SCPP with respect to the collector component and reported that the 
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ACW increases thermal loss at the collector, thereby leading to a reduction in collector 

efficiency compared to a situation where there is no wind effect. 

Jafarifar, Behzadi, and Yaghini (2019) studied the efficiency of the SUTs in strong 

wind flow regions with low solar radiation. The focused study area was the Orkney 

Islands in Scotland. The analysis was performed using ANSYS Fluent, where the 

effects from a 3D axisymmetric model were applied to a 2D model for further 

investigation of the performance of the SUT with and without suction due to ambient 

wind. The effect of the airflow due to the turbine has been neglected. 14 m/s of velocity 

was obtained at the axis of the 2D Manzanares model (23 m above the ground), while 

a maximum air velocity of 15.7 m/s was developed at the outlet of the Manzanares 

model. The outcome of the study showed that the internal air velocity and the 

efficiency of the plant improved by 15% and 50% respectively, with the presence of 

strong and steady ambient crosswinds. The erection of the plant in the Orkney region 

is suggested to improve the efficiency of the plant by more than 70% compared to the 

conventional Manzanares plant. The paper reported that the installation of an enclosed 

wind turbine in the SUT with a specified power capacity can be an alternative plan to 

the installation of conventional wind turbines at high altitudes in open air. 

2.5.1 Limitations 

The research regarding the favourable impacts of ambient wind on the performance of 

the SCPP was geography dependant. As reported, only a strong wind flow above 10 

m/s was able to improve the plant's performance, whereas anything below that would 

deteriorate the plant’s power generating capacity. 

2.6 Influence of Turbulence Models on Solar Chimney Power Plant 

An investigation of the effects of turbulence models on airflow characteristics inside 

an SCPP was performed by Ayadi, Bouabidi, et al. (2018). Airflow attributes such as 

airflow velocity, static and dynamic pressure, temperature and turbulent kinetic energy 

and dissipation rate were analysed. The most favourable turbulence model was 

identified based on experimental data. The experimental data was extracted from an 

SCPP with dimensions 2000 mm and 200 mm for the chimney height and diameter, 

3000 mm for the collector diameter, 60 mm for the collector roof height and 4 mm for 



25 

 

the chimney thickness. The same dimensions were employed in the five different 

turbulence model numerical simulations, which were the standard k-ε model, RNG k-

ε model, Realizable k-ε, transition-k–kl–ω model and the transition-SST model. The 

outcome suggested that for air temperature along the collector radius, the k-ε models 

portrayed better agreement with the experimental data obtained, compared to the 

transition-k–kl–ω model and the transition-SST model. The numerical analysis 

conducted on temperature, airflow velocity, static and dynamic pressure, turbulent 

kinetic energy, and turbulent dissipation rate implied that the different turbulence 

models had varying effects on these parameters. Out of the five different models, the 

k-ε model showed satisfactory results with the experimental data.  

2.6.1 Limitations 

Many different geometrical configurations were taken into account for the study, such 

as chimney height, collector area and collector roof height. However, neither of the 

models examined included the turbine component. As a result, the impact of utilising 

the proposed turbulence model with a structure that includes the turbine component 

remains unknown. 

2.7 Hybrid Solar Chimney Power Plants 

Hybrid solar chimney power plants are SCPP systems combined with a secondary 

system (e.g. waste heat energy, water condensing system, coal-fired plants, heat 

exchangers) with the sole aim of increasing power production or recovering energy 

from other alternative energy sources. With regards to the enhancement of power 

output and sustainability of power generation in SCPP, Cao et al. (2014) studied the 

integration of a geothermal energy source with the SCPP. They developed and 

examined the operation of three different models and compared their performances 

under various operating conditions. The operating conditions investigated by the study 

included full solar mode (FSM), full geothermal mode (FGM) and hybrid geothermal-

solar mode (GSM). The results suggested that with the use of the GSM, power was 

able to be generated continuously. Also, the paper reported that the impact of the GSM 

on power generation was greater during winter, which was 8.8% higher than the daily 

generated power by the FSM due to the lower ambient temperature during winter days. 

However, the authors claimed that during summer, the daily power generation of the 
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GSM was still higher than the FSM by 5.8%, but not as high as that of winter due to 

the higher ambient temperature during summer. As a whole, the annual power 

generation by the GSM was claimed to be 26.3% higher than the FSM. The paper 

suggested that the GSM was able to improve the power generation by 2.0, 2.3, 2.7 and 

3.0 times more, at higher temperatures of geothermal water at 50°C, 60°C, 70°C and 

80°C respectively, at the same mass flow rate of 300 kg/s. 

Another novel method of investigation to increase the SCPP performance was the 

introduction of reflectors to the conventional SCPP designed by Hussain and Al-

Sulaiman (2018). The integrated reflectors and SCPP used the reflectors to channel the 

diffuse and reflected rays from the sun to the absorber of the solar collector to enhance 

the energy gain by the absorber and heat transfer from the absorber to the adjacent air 

in the greenhouse. This, in turn, increased the temperature of the air higher than the 

resulting air temperature obtained in conventional SCPP without an external heat 

source. The paper reported that with the use of the reflectors, only 10% of the solar 

radiation energy was lost due to transmission and absorption by the mirrors and the 

deck, while the remaining 90% were made available to the SCPP collector absorber. 

As a result, this hybrid system was able to increase the mass flow rate of air at the 

chimney base by 134%, the chimney inlet velocity by 135% and the floor temperature 

by 9.89%. The efficiency of the hybrid system also showed an increment of 22.61% 

when compared to a conventional model of the same size. The power generated by the 

hybrid system also increased by 133% over the output of the conventional model. 

Shariatzadeh et al. (2015) investigated the hybrid SCPP with cogeneration solid oxide 

electrolysis (fuel cell). In this study, additional electricity was produced by high-

temperature electrolysis, which produces hydrogen. This hydrogen was then stored in 

tanks, which was later converted to electricity by solid oxide fuel cells (SOFC) based 

on demand or necessity.  

Zou and He (2015) conducted a study on waste heat recovery using Hybrid Cooling 

Tower Solar Chimney (HCTSC). In this study, the waste heat was modelled to be 

transferred to the HCTSC through heat exchangers with a flat arrangement. This meant 

that the inlet of the collector and the frontal area of the heat exchanger was equivalent. 

The HCTSC model, excluding the radiator part, was validated using test data from the 

Spanish prototype. The authors claimed that the HCTSC was able to outperform a 
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conventional solar chimney power plant with similar geometric dimensions by 20 

times. Nevertheless, this large power output correlated with a higher heat dissipation 

capacity which had the possibility to impair the coupled thermal power plant. To 

overcome this problem, the authors suggested increasing the area of the heat exchanger 

to the HCTSC.  

In another study, Li et al. (2017) investigated the operation of SCPP combined with 

waste heat from a coal-fired power plant. A fitting equation was developed by the 

authors based on the collector radii and the solar radiation intensity on the hybrid 

system since it showed a positive influence on the optimal turbine pressure drop. The 

study suggested that for this hybrid system, a large solar collector was not 

recommended for low solar intensity areas since the increase in collector radii only 

slightly affected the power output. This system's optimization method, which was 

integrated with a 660W supercritical coal-fired power unit, was claimed to be better 

by Li et al. (2017) than two previously proposed optimization methods made by Zou, 

Guan, and Gurgenci (2014)  and Zandian and Ashjaee (2013). For a range of solar 

collector radii between 100m and 600m, the average power generated by the 

optimisation method suggested by this study was 2.5% (0.14GWh) higher than the Zou 

scheme and 11.06% (0.38 GWh) higher than the Zandian scheme.  

A research study was conducted in the region of China by Zuo et al. (2018) to 

investigate the effects of structural parameters on a wind supercharged solar chimney 

power plant combined with seawater desalination. The results suggested that the 3-

blade turbine generated low shaft power. The authors claimed that the optimum 

number for turbine blades was 4 or 5 for optimum power output and cost-effectiveness. 

Other than that, the paper suggested that the turbine blade angle at 17° provided the 

highest mass flow rate with minimal velocity loss and highest turbine shaft power. 

Next, the paper claimed that the mass flow rate increased with the increase in relative 

radial clearance. Therefore, the maximum relative radial clearance suggested by Zuo 

et al. (2018) was 2%. Above this value, a sharp decline in turbine shaft power was 

noticed. The installation of guide vanes was reported to have increased the turbine 

efficiency by 139%. Furthermore, the authors claimed that in relation to flow field 

optimisation, the installation of guide vanes can improve the mass flow rate of air and 

the turbine shaft power due to the redirection of air towards the turbine. The study on 

the H-type vertical wind wheel blade by Zuo et al. (2018) further suggested that the 
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shaft power was at its peak with an installation angle of 3°. The authors also claimed 

that the helix type wind pressure ventilator was capable of improving the self-starting 

performance and promoting more stability to the turbine region. 

In another study, Zuo, Liu, et al. (2020) investigated the influence of waste heat in an 

SCPP combined freshwater generation in the absence and presence of a wind 

supercharged device. In both the investigated models, the gas heating channel was 

introduced. The outcome of the study suggested a performance increase with greater 

chimney height and flue gas temperature. The increase in solar intensity and flue gas 

mass flow rate demonstrated an increased power augmentation, however, it reduced 

freshwater production. The analysis also suggested that the model with the wind 

supercharging device performed better than the model without the device.  

In the subsequent investigation, Zuo, Dai, et al. (2020) performed a 3-dimensional 

numerical analysis of the wind supercharging SCPP combined with gas waste heat and 

seawater desalination using ANSYS Fluent. The performance of the newly proposed 

SCPP model was analysed by the variation of the turbine rotational speed, nozzle 

length, chimney outlet radius and chimney mixing section length. The outcome of the 

study suggested that the presence of the flue gas in the plant enhanced the fluid flow 

speed in the chimney area. Next, with an increase in the rotational speed of the turbine, 

the rate of desalination decreased, however, the power augmentation by the turbine 

shaft increased with the peak at 200 rpm. The increase in chimney outlet area indicated 

that the freshwater output and the power production increased to a peak and decreased 

subsequently. The same trend was implied for the increase in the nozzle length and the 

chimney mixing section length. The analysis demonstrated better plant performance 

through the 200 rpm turbine rotational speed, 6m nozzle length, 9m chimney outlet 

radius, and 60m chimney mixing section length.  

Vakilabadi et al. (2019) investigated the energy and exergy in a hybrid solar-fossil fuel 

power plant. Based on the energy and exergy analysis, the component claimed to have 

the highest energy loss was the condenser, while the component with the highest 

exergy destruction was the collector. The total energy loss by the condenser was 

reported to be 47% of the total energy loss. On the other hand, 68.32% out of the total 

exergy loss was reported to be due to the collector and the boiler. The authors claimed 

that the hybrid plant experienced maximum energy efficiency of 23% at 12 am. On the 
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other hand, the plant experienced a minimum exergy efficiency of 32.7% during the 

day due to solar high solar radiation available. The maximum exergy efficiency of 

44.94% was then reported to be seen when there was no solar radiation at night. 

However, when turbine inlet pressure was about 95 bar, the hybrid system was claimed 

to have had a maximum exergy efficiency of 26%. In general, the increase in heat 

transfer from the fluid in the study showed a linear increase in the output power of the 

hybrid system. 

To increase the efficiency enhancement of a solar chimney power plant, Fathi et al. 

(2018) studied the recovery of waste heat from a nuclear power plant. The outcome of 

the study showed that a regular 1000MW nuclear power plant with a theoretical 

thermal efficiency of 35.3% when integrated with the SCPP had an enhanced 

efficiency of 42% as compared to the efficiency of a stand-alone SCPP. Using the 

Manzanares design for the SCPP, it was demonstrated by the authors that the combined 

design was able to enhance electricity output in the SCPP turbine at a range of 0% to 

300% from summer through winter. Furthermore, the study suggested that the 

proposed design was able to increase the generated power by the Manzanares type 

SCPP at an average of 150% yearly. The authors also claimed that the novel design 

was an added advantage in arid environments as there is no dependency on the water 

in its cooling system. 

In another study done on waste heat recovery, Aurybi et al. (2018) studied the usage 

of an external heat source in the SCPP for uninterrupted power generation 

mathematically. The proposed system passed the flue gas in the collector through 

metal channels which dissipated heat to the air in the collector, in addition to the 

existing solar radiation. The effect of the external heat source was reported to be seen 

at a low solar intensity and started decreasing upon reaching 400 𝑊/𝑚2 of solar 

intensity. Due to this, the authors claimed that thermal channels were effective during 

the night, cloudy days, and were even capable of generating power early in the morning 

when the solar radiation is low (100 𝑊/𝑚2 to 300 𝑊/𝑚2). The temperature of the 

collector air was reported to have sharply increased with the presence of the external 

heat source at the solar radiation range of 800 𝑊/𝑚2 to 1000 𝑊/𝑚2. However, a 

downward trend was noticed by the authors after the solar radiation value exceeded 

1000 𝑊/𝑚2. This was suggested to be due to the increase in thermal loss from the 
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outer surface of the canopy to the ambient. Thus, at a solar intensity value of 

1000𝑊/𝑚2 and thermal channels temperature at 100°C, the collector air temperature 

was reported to be increased by 5.88%. Also, the authors claimed that the usage of 

thermal channels increased the output power by 23.1% compared to the conventional 

solar chimney power plant. 

Similarly, Al-Kayiem et al. (2019a) further performed a numerical analysis on a hybrid 

system using waste heat recovery. The system worked based on heat transfer from the 

thermal channels to the air in the collector, in addition to the heat obtained from the 

absorber, resulting in a high air temperature upon reaching the chimney inlet. The 

proposed system was evaluated under three different cases, which are, with TECs 

integration (case 1), without TECs integration (case 2) and with added external heat 

source (case 3). Comparing the results between cases 1 and 2, the velocity fluctuation 

caused by the ambient wind was claimed to have improved by 12% with the insertion 

of channels. With reference to air velocity, the average maximum air velocity 

percentage and the air velocity at the chimney base in 24 hours were enhanced in case 

2 by 5.9% and 6.87%, respectively.  

In terms of thermal enhancement, the average air temperature enhancement over a span 

of 24 hours data was claimed to be 6.3%. This was suggested to be due to the larger 

absorbing area with the addition of TECs, which provided additional heat and kinetic 

energy for power generation (Al-Kayiem et al. 2019a). From case 1 and case 2, the 

performance of the collector was claimed to have an average percentage of 

enhancement up to 7.0%.  In case 3, the TECs were injected with flue gas with a mass 

flow rate of 0.0015 kg/s, which was equivalent to 1.25 m/s, and temperature at 116 ℃. 

Estimated electric power generated was claimed to be improved by an average of 

23.0% in the presence of flue gas usage at different solar irradiation values ranging 

from 100 𝑊/𝑚2 to 1000 𝑊/𝑚2. With the injection of the flue gas, the air velocity, 

especially at night, was reported to be doubled to 100%. Furthermore, on average, the 

collector efficiency at night was said to have improved by 32.5%. Overall, the collector 

efficiency was claimed to have improved by 12%, while the air mass flow rate was 

reported to have improved by 64%. 
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2.7.1 Limitations 

Although there is undeniable power output enhancement through hybrids, the studied 

hybrid systems were restricted to specific energy recovery sources at certain 

parameters. Hence, there is limited liberty in system applications in certain locations. 

Moreover, systems that recover heat for power production would require large areas 

for the plant's construction, which may not be favourable in constricted industrial areas 

or countries/regions with minimal land. Furthermore, very few integration studies have 

been performed in the presence of the turbine component.  

2.8 Turbine Performance Enhancement of Solar Chimney Power Plant 

The study conducted by Guo et al. (2015) incorporated a radiation model, solar load 

model and real turbine into a 3D numerical analysis. To study the power regulating 

strategy option for solar chimney turbines, a variety of turbine performances with 

rotational speed was examined. A four-blade pressure-staged turbine with the use of 

Multiple Reference Frame (MRF) was adopted for the real turbine analysis, while a 

fan model considering the pressure drop effects was also adopted for comparison 

against the real turbine in the simulation. The airflow modelling in the SCPP was 

performed using the standard k- ε model. The solar radiation intensities were fixed at 

400, 600, 800 and 1000 W/m2 to observe the effects of solar radiation on the turbine 

performance. The maximum value of turbine efficiency is approximately 70% at 

various rotational speeds and solar radiations. The maximum power output and the 

turbine optimum rotational speed was suggested to not coincide with any solar 

radiation intensities. For solar radiation intensity of 800 W/m2, the rotational speed 

of approximately 130 rpm was achieved at maximum turbine efficiency. However, the 

optimal performance of the system power output was obtained at 150rpm of the turbine 

rotational speed for the same solar intensity of 800W/m2. It was reported that the 

usage of the fan model provided a decent approach to investigate the turbine pressure 

drop and updraft velocity in the SCPP without consideration of the turbine efficiency, 

with a maximum relative error of not more than 3%. To predict system power output, 

an acceptable prediction of the turbine efficiency was needed when using the fan 

model for simulation. The study proposed that a real turbine was still a better option 

to be incorporated into the numerical simulation to achieve higher accuracy of power 

output and aerodynamic performance of the turbine. 
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Guo et al. (2016) explored the parameters that impacted the optimal turbine pressure 

drop ratio, which included ambient parameters, solar radiation, surrounding 

temperature and collector shape. The study was performed analytically to obtain the 

optimum expression for turbine pressure drop, and numerically to simulate the 

influence of different factors on the optimum pressure drop. Component m in the 

pressure difference expression was found to be an influencing factor of the optimal 

turbine pressure drop. When the solar radiation was increased from 200 to 800𝑊/𝑚2, 

a decline of 17% was observed in component m, which suggested that the pressure 

difference increased with solar radiation. A 20K increase in ambient temperature 

suggested an average increase by 4.3% in component m, which portrayed that the 

turbine pressure difference declined with increasing ambient temperature. The 

investigation also suggested that a circular collector design exhibits better performance 

than a square collector design of the same area under increasing pressure drop of the 

turbine. The study suggested that the optimal value of the turbine pressure drop for the 

Spanish prototype ranges from 0.90 to 0.94 under typical meteorological conditions. 

Hanna et al. (2016) numerically constructed an experimental SCPP system in Aswan, 

Egypt at 23˚58'N and 32˚47'E to evaluate the performance of the turbine and the 

aspects of the power generated by the system in the hottest site where Aswan is located. 

CFX, ANSYS 16.1 was used for the simulation of the flow through the turbine and the 

overall system. The standard k- ε turbulence model was used for the flow modelling 

analysis. The turbine used in the CFD simulation was a 6-blade turbine, where the 

geometry of the flow passage and the turbine constructed was in accordance with the 

dimensions of the experimental set-up. The power output achieved by the system 

ranged from 1.2W to 4.4W. The outcome of the research portrayed that the pressure 

drop across the turbine affected the turbine rotational speed minimally beyond 

1650rpm, which was identified as the optimum point, with average turbine efficiency 

of 57%. The CFD simulation of the set-up proved to be valid and predicted the 

performance of the system with a relative error of 8.4% for the overall efficiency. The 

power available for the turbine was simulated to be 7.3% greater than the results 

obtained experimentally. The numerical CFD model that was created demonstrated 

good compliance with the experimental results.  
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Kasaeian et al. (2017) performed a 3D CFD simulation of the Manzanares plant with 

consideration to the turbine blades. The turbulence model used for simulation was the 

k- ε model, while to simulate the air flow in the turbine region, the Multiple Reference 

Frame (MRF) method was used. The CFD simulation was verified using the 

experimental data obtained from the Manzanares prototype. The study ran 12 different 

CFD simulations using turbine rotational speed of 40, 80 and 100 rpm, a number of 

turbine blades of 3, 4 and 5, collector diameter of 122, 244 and 366m, and chimney 

height of 100, 200 and 300m. The outcome of the CFD simulations was analysed 

through the outlet air velocity, air mass flow rate, torque and power. It was shown that 

increment of the rotational speed caused a decrease in the mass flow rate of air, but 

saw an increment in torque and power developed by the turbine at a constant number 

of blades. Next, with the increase of the blade number, the mass flow rate of air was 

seen to have decreased, while the torque and power were increased when angular 

velocity was at a constant. The mass flow rate of air and power output boosted with an 

increasing chimney height and collector diameter. The study proposed that using a 

constant 5-blade turbine, the outlet velocity decreased by 21% while the torque 

increased by 76%, with an increase in angular velocity of the turbine by 150%. The 

power generated by the turbine was increased 333% with a 150% increase in the 

rotational speed of the turbine. 200% increase in chimney height with a rotational 

speed of 80 rpm increased the outlet velocity, mass flow rate of air, power and torque 

by 84%, 84%, 114% and 94%, respectively. When the collector diameter was 

increased from 122m to 366m, that is, by 200% at an angular velocity of 80 rpm, a 

subsequent increase in outlet velocity, the mass flow rate of air, torque and generated 

power by 15%, 16%, 19% and 19% were recorded. At an average of 80rpm angular 

velocity, outlet velocity 9.5, 13.7 and 17.5 m/s were noticed for chimney heights 100, 

200 and 300m accordingly. The 5-blade turbine was suggested to be able to harness 

the highest power at 91kW.  

A 3D numerical analysis of the Manzanares prototype with an actual turbine was 

conducted by Gholamalizadeh and Chung (2017a) to investigate the fluid flow and the 

heat transfer attribute of the plant. ANSYS 15.0 was employed where the turbulent 

model utilised for the numerical analysis was the RNG k-ε turbulence closure. The 

Multiple Reference Frame (MRF) was used to analyse the relationship between the 

airflow and the turbine. A 4-bladed turbine with the FX W-151-A blade profile was 
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employed at the bottom of the chimney. Also, a reverse fan model was studied to 

investigate its feasibility in simulating the effects of the turbine accurately. The 

temperature, velocity and distribution of pressure within the system were analysed. 

The simulation outcome of the SCPP coupled with the real turbine proved good 

agreement with the experimental data obtained from the Manzanares plant, with 

relative errors of 1.8% for pressure drop across the turbine, 2.3% for inlet velocity of 

the chimney, and 1.7% collector temperature increment. The turbine efficiency of the 

model was reported to be 68.4%, with optimal performance at the rotational speed of 

140rpm and an ideal power of 52.8kW. In the case of the reverse fan model, the 

pressure jump value was 43.7% lesser than the real turbine. The pressure, temperature 

and velocity distributions of the reverse fan model were portrayed to be uniform as 

opposed to the actual turbine model, which was non-uniform. It was suggested that the 

real turbine model was a much more appropriate option when considering the system 

performance of the SCPP compared to the reverse fan model.  

In a different investigation conducted by Gholamalizadeh and Chung (2017b), the 

accuracy of prediction using different blade profile modelling, namely FXW-151-A 

and CLARK Y obtained from three different studies by Gholamalizadeh and Chung 

(2017a), Guo et al. (2015) and Tingzhen et al. (2008) were analysed. The FXW-151-

A blade profile was also used to analyse the effects of different rotational speeds of 

the turbine on the mass flow rate of air, pressure drop, turbine efficiency and power 

generation. The 3D simulation integrated the 4 bladed shrouded pressure-staged wind 

turbine with the FX W-151-A blade profile to simulate the Manzanares prototype. The 

numerical analysis used the k-ε turbulence model to simulate the flow in the system, 

while the Multiple Reference Frame was used for the chimney-turbine relationship. 

Figure 2.2 illustrates the modelled SCPP with its boundary conditions. The outcome 

of the simulation was validated with the Manzanares data where relative errors 1.8%, 

2.3% and 1.7% were obtained for pressure drop, chimney inlet velocity and 

temperature increase in the collector, respectively. The three different models were 

comparatively studied at solar radiation intensity of 800 𝑊/𝑚2. The mass flow rate in 

Tingzhen et al. (2008)’s model (3 bladed turbine) was much greater than that of 

Gholamalizadeh and Chung (2017a) and Guo et al. (2015) (4 bladed turbine). It was 

suggested that a higher number of turbine blades decreased the mass flow rate of air. 

The pressure drop in the Gholamalizadeh and Chung (2017a)’s model increased with 
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rotational speed, which portrayed good agreement with Tingzhen et al. (2008)’s model. 

However, it was suggested that Tingzhen et al. (2008)’s model and Guo et al. (2015)’s 

model overestimated the pressure drop due to the blade profile CLARK Y. The 

relationship between the turbine efficiency and varying rotational speeds of FXW-151-

A and CLARK Y were similar, where the peak values were 120 rpm and 130 rpm, 

respectively, while the efficiency of the turbines were 73% and 70% accordingly. The 

power generation with increasing rotational speed showed a similar trend to the turbine 

efficiency with optimum rotational speeds at 140rpm and 150rpm for Gholamalizadeh 

and Chung (2017a)’s and Guo et al. (2015)’s models, while Tingzhen et al. (2008)’s 

model portrayed an underestimating power generation. It was suggested that the 4 

bladed FXW-151-A was slightly better in terms of mass flow rate of air, pressure drop, 

turbine efficiency and power output compared to the blade profile CLARK Y. 

 

 

Figure 2.2 Illustration of SCPP with Specified Boundary Conditions 

Ayadi, Driss, et al. (2018a) studied the effects of various turbine diameters on the 

power output of the solar chimney power plant. In this study, four different turbine 

diameters were adopted to identify the effects on a solar chimney power plant coupled 

with a turbine. For each turbine diameter, the air temperature, distribution of the 

magnitude velocity and pressure were considered. The dimensions used in the 

investigation were collector diameter 2750mm, collector roof height 50mm, chimney 

height, 3000mm and turbine diameter 90, 120, 140 and 150mm. The numerical 

analysis was performed using the ANSYS Fluent 17.0, where the simulation between 



36 

 

the turbine and the chimney was conducted using the Multiple Reference Frame 

(MRF) model. The results of the numerical analysis were in good agreement with the 

experimental data obtained. The study suggested that the increase in turbine diameter 

improved the air circulation at the bottom of the chimney. The analysis with regards 

to the air velocity suggested that an increase in the blade radius of the turbine increased 

the air velocity in the surrounding zones of the blades. Based on the numerical results 

of the study, the magnitude of air velocity was observed to be dependent on the turbine 

diameter. On the contrary, the numerical results suggested that the distribution of the 

temperature in the SCPP reduced while the static pressure increased with an increasing 

turbine diameter. The outcome of the investigation proposed that the increase in 

turbine diameter with variation equal to 60mm could result in an increase in power 

output by 155%. The turbine diameter increment was indicated to be a critical 

parameter in power enhancement.  

In a subsequent study, Ayadi, Driss, et al. (2018b) investigated the impact of the 

number of turbine blades on the airflow and thermal performance of a small SCPP. 

The air temperature, distribution of magnitude velocity, static pressure and turbulent 

kinetic energy and viscosity were analysed for 4 different turbine blade structures with 

4, 6, 8 and 10 blades. The dimensions of the studied prototype were collector diameter 

2750mm, collector roof 50mm, chimney height 3000m, chimney diameter 160mm and 

turbine diameter 150mm. The blade pitch was 40, while the length and width of the 

blade were equivalent to 37mm and 30mm, respectively. The numerical analysis was 

conducted via ANSYS Fluent 17.0, where the Multiple Reference Frame (MRF) was 

adopted to simulate the turbine-chimney relationship. The magnitude velocity 

suggested that the turbine with an increasing number of blades reduced the rotational 

speed of the turbine due to the increased drag of the turbine shaft. The air temperature 

was indicated to decrease with the increase in turbine blade numbers. The turbine with 

10 blades was observed to have the highest static pressure amongst the 4 turbine blade 

configurations. The maximum turbulent kinetic energy and turbulent viscosity in the 

investigation were obtained from the 8 blades turbine with a value of 1.58 m2/s2 and 

1.58 kg/ms, respectively. The 10-bladed turbine achieved the highest power generation 

since the power generated increased with the number of blades.  
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Negrou et al. (2018) developed a model using the inverse design methodology on the 

wind turbine to anticipate the characteristics of the operation of the SCPP. The model 

was constructed with inlet guide vanes for pre-gyration of the airflow to determine the 

flow distribution on the inverse method of the turbine. The inlet guide vanes facilitated 

the flow to the duct of the rotor which reduced the turbine exit kinetic energy at the 

diffuser. The static energy at the diffuser outlet was boosted by 21% with the 

introduction of the inlet guide vanes in the SCPP. The model was coupled with 

geothermal energy for constant system operation with the continuous hot water flow 

through tubes in the collector space. The coupled design with the inverse method 

turbine model suggested a maximum power output of 5MW and 77% turbine 

efficiency with 140m3/h of hot water flow.  

Liu, Tian, and Nie (2018) proposed a novel method to optimize the turbine component 

in the SCPP by designing the blade of a wind turbine based on the collector exit 

Reynolds number and the wind power utilisation theory. The numerical analysis was 

conducted using Profili and Xfoil, where the class-shape-transformation (CST) 

parameterization method was employed. The NACA4418 airfoil portraying the 

highest lift-drag ratio with an optimum angle of attack equivalent to 7°, lift coefficient 

1.126 and drag coefficient 0.009 was selected. The airfoil’s best chord length and 

setting angle were identified using the blade element theory for maximum 

aerodynamic performance. The modelling of the blade was performed first on 

AutoCAD and imported to Solidworks based on the optimised data obtained from 

Profili and Xfoil. The modelled blade was suggested to be used for further performance 

analysis of the SCPP. 

Rabehi et al. (2018) investigated the performance of the Spanish prototype of the SCPP 

numerically by adopting the fan model for the turbine component. The temperature, 

velocity and pressure on collector efficiency and power output were analysed based 

on the pressure difference of the turbine and the solar radiation under load and no-load 

conditions. The 3D simulation of the SCPP was conducted using ANSYS Fluent, 

where the standard k-ε turbulence model was employed. The verification of the 

numerical model developed using the experimental data obtained from the Spanish 

prototype reported a 30.02% error due to the usage of the fan model, which did not 

account for the structural parameters of a real turbine. During the turbine load 
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condition, the temperature and static pressure were suggested to have increased, while 

the air velocity decreased compared to the off-load condition. The study suggested that 

the varying solar intensities affected the airflow and heat transfer attributes within the 

system. In the case of solar radiation, for a constant value of 800𝑊/𝑚2, the average 

air velocity declined by 17%, while the average temperature increased by 4.25K during 

turbine operation. The pressure difference of the turbine had minimal effect on the 

collector performance but has an appreciable impact on the generated power. The 

power loss was suggested to be lesser at higher pressure drop values.  

Balijepalli, Chandramohan, and Kirankumar (2020) investigated a small scale SCPP 

for powering household devices. The experimentation was run for 10 days, while the 

results presented were based on one day’s data. The highest velocity obtained from 

above and below the turbine were 4.7 m/s and 5.5 m/s, respectively. On the other hand, 

the average velocity attained above and below the turbine component was 53.62% and 

45.82% lower than the highest velocity. The actual power output obtained at 0.82 W 

was 40.15% lower than the theoretical power generated. The estimated chimney and 

total plant efficiencies were estimated to be 0.0187% and 0.0128%, respectively.  

Zuo et al. (2021) studied the usability of the axial flow hydraulic turbine and axial flow 

pump impeller with the optimal turbine pressure drop under the influence of solar 

radiation in 3D. The study adopts the RNG k-epsilon method to simulate the turbulent 

flow. The authors incorporated the turbine from Tingzhen et al. (2008)’s study for 

validation since it closely matched the Manzanares load condition. The turbine 

rotational speed was variated to study the effect on the performance. The turbine was 

suggested to improve the peak power output by 30.46% due to the maximum pressure 

drop and pressure drop ratio being 178.63Pa and 0.95, respectively. The optimal 

turbine pressure drop increased from 0.90 to 0.92 with solar radiation. Also, at higher 

solar radiation, the turbine rotational speed range was proposed to be larger. 

2.8.1 Limitations 

Turbine studies have been performed based on many parameters such as the turbine 

design, number of blades, rotational speed, solar intensity and location of the plant. 

Studies have been carried out on different SCPP scales that incorporate an actual 
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turbine. However, there is a lack of clarity on the power augmentation in the collector 

region of the plant. 

2.9 Influence of Time Step Size and Number of Time Step in CFD Turbine 

Analysis 

Satrio et al. (2018) studied the impact of the time step setting on the results of the CFD 

simulation performed on a vertical axis tidal current turbine. Two main parameters that 

were needed for a stable result were investigated. These parameters were the time step 

size, which represented one turbine rotation at a calculated degree, and the number of 

time steps, which ensured the steadiness of the outcome. The 2D analysis adopted the 

Sliding Mesh technique in ANSYS Fluent in order to solve the URANs equation. The 

solver inculcated the second-order scheme and the SIMPLE algorithm for the transport 

equations. Upon validation, the number of time step sizes were tested at different 

increment angles. The best outcome was analysed with a varying number of rotations. 

The outcome of the study suggested that results improved with a more specific time 

step size. However, the downfall was the increase in computational time. Time step 

size 5 degree to 1 degree was proposed for a more desirable outcome. The steadiness 

of the results was obtained at a minimum of 6 turbine rotations. 

2.9.1 Limitations 

The accuracy of the results obtained from turbine studies was suggested to be more 

accurate with a precisely defined time step size. However, it was also discussed that a 

highly specific time step size would increase the computational time, resulting in a 

higher cost. Furthermore, the minimum turbine rotation needed to achieve stability of 

the results was based on a specific free stream velocity input. Thus, the number of 

turbine rotations required for result stability at a high free stream velocity or Reynolds 

number is unknown and still relies on the output data analysis.  

2.10 Application of Savonius Turbine in Confined Areas 

Chen et al. (2013) investigated the usage of a vertical axis water turbine for power 

supply to devices that maintain water quality in a pipeline. The vertical axis water 

turbine was designed for a 100mm pipeline with an average water velocity of 1.5 m/s 
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and a head loss of 5m. The novel design was analysed by the performance of the 

turbine and the resultant water flow characteristics in the pipeline using Fluent and 

Gambit. The results obtained from the simulation were used in fabricating prototypes 

and testing the actual power output. Although the difference between the simulation 

and experimental results was large, the authors suggested that the simulation studies 

could provide a good guide for the rotor design. The outcome of the study suggested 

that the rotor with a hollow body in the presence of an eye-shaped slanted block that 

acted as a guide vane was the highest power generating turbine at 88.2W, compared to 

other designs of the vertical axis rotors. The authors proposed that the generated study 

was a good information guide for power generation in enclosed conditions. 

2.10.1 Limitations 

The power output of the Savonius turbine in confined areas was applaudable. 

However, the investigation was conducted with constant fluid characteristics, leaving 

the performance of the Savonius at different free stream velocities and fluid densities 

uncertain. 

2.11 Comparison Study Between a Novel and Conventional Savonius Style Wind 

Turbine 

Roy and Ducoin (2016) investigated the instantaneous longitudinal drag and lateral lift 

forces acting on a novel two-bladed Savonius-style wind turbine in a transient manner. 

The 2D analysis was performed in StarCCM+ by incorporating the SST k-omega 

turbulence model at a Reynolds number of 1.23 𝑥 105. The Gauss-Seidel iterative 

method was incorporated in the solvent, where the URANS equations were discretized 

to the second-order under the SIMPLE algorithm. The numerical model was validated 

against previous experimental data before proceeding with the analysis. The 

performance of the new SSWT (Savonius style wind turbine) was compared to the 

conventional SSWT, where it was shown that the moment arms and drag force 

magnitude were similar for both turbines. However, a significant improvement was 

noticed with regards to the lift contribution to the power generation. This was 

suggested to be due to the increase in curvature of the blade that promoted flow 

retention at higher angles of attack at the initial stage of the turbine rotation. This, in 

turn, increased the depressure and benefited the lift force. The authors also suggested 
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that though there were minor effects on the average drag, there was a considerable 

increase in the lift due to the delay in stalling. Authors further promoted the usage of 

the new SSWT for off-grid electricity generation, extraction of energy in exhaust 

systems and ventilation in buildings. 

2.12 Summary of Literature Review 

This section denotes the key findings from previous research with relevance to this 

research. 

1. The introduction of guide vanes at the turbine region improves air attack on 

shrouded turbine blades, therefore improving turbine efficiency and power 

generation. 

2. A divergent chimney improves the performance of the chimney component and 

enhances the power generation in the system. 

3. Numerical performance analysis of the SCPP using a real turbine model is a 

better option than a fan model due to the availability of structural parameters 

in the real turbine.  

4. The usage of SSWT is applicable in confined areas. 

5. The SSWT performs well under low velocity, has a low starting torque, and is 

encouraged for energy extraction in exhaust and ventilation systems. 

2.13 Research Gap 

Numerous studies have been conducted by researchers over the years in enhancing the 

SCPP performance and increasing the power yield drawn from its operations. 

Nevertheless, various areas still lack detailed research for further improvement studies 

and significant operating developments of the SCPP. Many investigations were 

conducted with regards to the performance enhancement of the collector and chimney 

region. In general, the conventional SCPP struggles to achieve a commendable overall 

plant efficiency. The common scope that is not taken critically into account is the 

operation enhancement of the turbine efficiency. Amongst the many different turbine 



42 

 

designs adopted in previous studies, the potential of the SSWT in the SCPP has not 

yet been explored. Furthermore, the influence of a diverging chimney on the fluid flow 

has not been studied in the presence of the SSWT. In addition, the effect of guide vane 

parameter variation on the performance of the SSWT in the SCPP has not been 

addressed. As most studies focus on the turbine's performance in the chimney section, 

the possibility of power augmentation in the collector region of the SCPP is not clear. 

2.14 Novelty 

The literature review in the section above emphasising the turbine component suggests 

that several aspects of performance analysis have not been addressed. The novelties of 

this work that address the aforementioned research gaps are listed below.  

1. The performance of the SSWT under two axes of operations (i.e. horizontal 

and vertical) in the collector region of the SCPP. 

2. The influence of chimney divergence on the SSWT's power production 

performance. 

3. The influence of guiding vanes parameter variations on SSWT operation in the 

SCPP. 

2.15 Summary of Chapter 2 

This chapter discussed the previous background studies conducted on the SCPP by 

various renowned scholars, with attention given to the findings and inadequacy of each 

study. This chapter also focussed on types of turbine efficiency improvements 

suggested by researchers for enhanced power generation compared to the conventional 

SCPP. The common lack of these studies has been identified and discussed as the 

research gap. The deployment of the Savonius turbine in the collector area, as well as 

a study into the impact of diverging chimneys and guiding vanes on the performance 

of the suggested rotor, as proposed in the scope of work, will cover the discussed 

research gaps from prior literature. The novelty of the proposed investigations 

addressing the research gaps has been reviewed in the end section of this chapter. 
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CHAPTER 3 

METHODOLOGY 

3.0 Introduction 

This chapter presents the methods undertaken to validate the SCPP and the SSWT. 

Next, the approaches taken to conduct the investigations proposed in this work are 

shown. The domains, governing equations, boundary conditions, ANSYS Fluent set 

up, and solution schemes adopted for the validations and the analysis to achieve the 

objectives of this work are presented. 

3.1 Model Development  

The conventional solar chimney power plant is proven to have a low efficiency of less 

than 2%, requiring flat land which has little or no competitive usage (Schlaich et al. 

2005). The improvements undertaken for the turbine component of the SCPP to 

improve its overall efficiency is at a minimum Guo et al. (2019). The fundamental 

challenge to the SCPP system is the fixed inlet gap for airflow into the collector, the 

low efficiency of the chimney and the poor energy conversion at the turbine. This study 

proposes to analyse the feasibility of using the SSWT in the SCPP for power 

generation. The pressure differential caused by varying chimney divergence was 

investigated for further power enhancement. This study was also designed to enhance 

the performance of the SSWT in the SCPP by improving the angle of air attack onto 

turbine blades through the introduction of guide vanes and varying its parameters for 

the optimum configuration. The methods employed to accomplish these investigations 

were through numerical means using the ANSYS CFD simulation software. A 2D 

numerical model was developed to identify the performance of the proposed VAWT 

in the SCPP under two different operational axes. Next, the suitable diverging angle 

of the chimney for improved performance of the SCPP was numerically analysed to 

determine the most effective arrangement for optimum power generation. In addition, 

the optimum parametric configurations for the introduced guide vanes in the presence 

of the VAWT was also analysed. The subsections detail the numerical methods that 

were employed to achieve the aims of this work. 
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3.2 Numerical Modelling 

The numerical model involved modelling the Manzanares plant and the SSWT to the 

highest possible accuracy. The model was developed and simulated using a 

computational fluid dynamic software, ANSYS Fluent, considering essential input 

data such as the ambient temperature, solar radiation, wind velocity, and wind 

direction, which are important boundary conditions. The models' simulation was 

validated with experimental results from the Manzanares plant and past experimental 

and numerical data for the SSWT before modelling the improved prototype. This 

particular software was chosen due to its availability in the university with a research 

license, its ability to compute numerical models in a short period of time and its user-

friendliness.  

The numerical analysis involved five stages of modelling. In the first stage, the 

proposed SSWT model was developed by adopting the Sliding Mesh method and 

validated against experimental and numerical data from past studies. In the second 

stage, a simple model of the solar chimney power plant was developed to the same 

dimensions as the Manzanares plant and was validated using available experimental 

data from the Manzanares plant. In the third stage, the turbine model was tested under 

two different configurations in a smaller domain incorporating the wind velocity and 

pressure characteristics obtained from the Manzanares plant. The turbine installation 

site was selected upon identifying the highest average velocity in the collector region 

(for maximum power output) from the velocity profile obtained in the second stage. In 

the fourth stage, varying divergent chimney angles were added to the Manzanares 

model and simulated. The flow characteristics of the divergent models were 

determined and applied for turbine testing. In the fifth stage, the turbine model domain 

was incorporated with guide vanes at the turbine section. The guide vanes' parameters 

were varied and studied for the best configuration allowing optimum power 

generation. The designed model was investigated based on the air velocity at the wake 

region of the turbine, pressure and power generation.   

3.3 Numerical Modelling Governing Equations  

The following subsections present the fluid flow physics and the fundamental 

governing equations associated with the numerical modelling of the SCPP.  



45 

 

3.3.1 Governing Equations for the Flow 

The fluid flow and thermal field in the SCPP are based on control volume analysis, 

thus analysed based on continuity, momentum and energy in the system (Bird, Stewart 

and Lightfoot 2007; Demirdžić and Muzaferija 1995; Ferziger and Perić 2002; Perić, 

Kessler and Scheuerer 1988).  

In control volume analysis, the continuity and momentum equations are described in 

the Navier Stokes equation as continuous integral as expressed in Equation 3.1. The 

equation is a function of the convective flux term, pressure gradient, viscous flux and 

buoyancy. 

∮(𝜌𝐯)(𝐯 − 𝐯𝒈). 𝑑𝑎 = − ∮ 𝑝𝑰. 𝑑𝑎
𝐴

+ ∮ 𝐓. 𝑑𝑎
𝐴

+ ∫ 𝑓𝑔
𝑉

𝑑𝑉
𝐴

 3.1 

3.3.2 Continuity Equation 

Equation 3.2 expresses the fluid flow discrete continuity equation, where 𝑚𝑓
∗̇  is the 

uncorrected mass flow rate for respective faces, which is used to compute the average 

interior continuum and pressure boundary faces, while 𝑚𝑓′̇  is the mass flow rate 

correction factor used for rectification. 

∑ �̇�𝑓

𝑓

= ∑(𝑚𝑓
∗̇

𝑓

+ 𝑚𝑓′̇ ) = 0 3.2 

The uncorrected face of the mass flow rate for interior faces is expressed in Equation 

3.3 as a function of face fluid density, 𝜌𝑓, average velocity within cell zones, v0
∗  and 

v1
∗, 𝐺𝑓 is the grid flux and Ύ𝑓 is the Rhie-Chow-Type dissipation. Thus, Equation 3.3 

can be represented as shown in Equation 3.4 where v𝑓 is the average face velocity of 

buoyant fluid while 𝑎 is the face area vector. 

𝑚𝑓
∗̇ = 𝜌𝑓 [𝑎. (

𝐯𝟎
∗ + 𝐯𝟏

∗

2
) − 𝐺𝑓] − Ύ𝑓 3.3 

𝑚𝑓
∗̇ = 𝜌𝑓(𝐯𝒇. 𝑎 − 𝐺𝑓) − Ύ𝑓 3.4 
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3.3.3 Momentum Equation 

The momentum equation shown in Equation 3.5 is formed when Equation 3.1 is 

applied to cell centred control volume. The momentum equation is also otherwise 

known as the discretized equation for flow transport which is a function of the viscous 

flux, where 𝒗 represents the bulk fluid velocity, 𝒗𝑔 represents the grid velocity, 𝑎 is 

the face area vector, 𝑝 is the pressure, 𝑰 is the identity matrix, 𝑻 is the viscous stress 

tensor and 𝑓𝑔 is the force on the body due to gravity. Equation 3.6 denotes the stress 

tensor, 𝑻, for the viscous flux. 

∑[𝒗𝜌(𝒗 − 𝒗𝑔) ∙ 𝑎]
𝑓

= − ∑(𝑝𝑰 ∙ 𝑎)𝑓 + ∑ 𝑻 ∙ 𝑎

𝑓

+ ∑(𝑓𝑔 ∙ 𝑣)
𝑉

𝑉𝑓𝑓

 3.5 

𝑻 = 𝜇𝑒𝑓𝑓 [∇𝒗 +  ∇𝒗𝑇 −
2

3
(∇ ∙ 𝒗)𝑰] 

 

3.6 

where 𝜇𝑒𝑓𝑓 = 𝜇 + 𝜇𝑡  

3.3.4 Governing Equations for Fluid Energy 

The energy in the control volume of buoyant driven flow is a function of convection, 

diffusion, viscosity and buoyancy of fluid, thus Equation 3.7 expresses the energy 

interaction in the control volume.   

∮[𝜌𝐻(𝐯 − 𝐯𝐠) + 𝐯𝐠𝑝]. 𝑑𝑎 = − ∮𝑞"̇. 𝑑𝑎
𝐴

+ ∮𝐓. 𝐯
𝐴

𝑑𝑎 + ∫ 𝑓𝑔. 𝐯
𝑉

𝑑𝑉
𝐴

 3.7 

where H is enthalpy and �̇�" is heat flux vector.  

The interaction between bulk fluid flow can be defined using the heat flux vector as 

shown in Equation 3.8, which is also known as the Fourier’s law of heat conduction 

where, 𝑘𝑒𝑓𝑓 is the effective thermal conductivity, while 𝑇 is the temperature. 

𝑞"̇ = −𝑘𝑒𝑓𝑓∇𝑇 3.8 

Equation 3.9 expresses the effective thermal conductivity considering the 

thermophysical property of the fluid in terms of the thermal conductivity of the fluid, 

𝐤, the effect of turbulence describing the turbulent viscosity, 𝜇𝑡, the effect of specific 

heat 𝐶𝑝, and turbulent Prandtl number, 𝜎𝑡. 
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𝑘𝑒𝑓𝑓 = 𝐤 +
𝜇𝑡𝐶𝑝

𝜎𝑡
 3.9 

The energy transfer by convection in the control volume is represented as Equation 

3.10 for the diffusion term of heat transfer from boundary faces to fluid volume, where 

ℎ is the convective heat transfer coefficient, 𝑇∞ is the reference temperature and 𝑇𝑠𝑓 is 

the face temperature. 

𝑞"̇. 𝑎 = ℎ(𝑇∞ − 𝑇𝑠𝑓) 3.10 

3.3.5 Governing Equations for Incompressible and Constant Density Flows, and 

Boussinesq Approximation 

The buoyancy of the fluid varied by the fluid density differences is a function of the 

temperature in a buoyancy-driven flow. The terms in the momentum equation in 

Equation 3.1, which are the convective flux, pressure gradient and viscous flux, remain 

influenced by the buoyancy of the working fluid. Equation 3.11 expresses the 

Boussinesq approximation, where 𝛽 is the coefficient of bulk expansion and 𝑇𝑟𝑒𝑓is the 

operating temperature of the buoyant fluid. 

𝑓𝑔 = 𝜌𝑔𝛽(𝑇𝑟𝑒𝑓 − 𝑇) 3.11 

3.3.6 Governing Equations for Turbulence 

3.3.6.1 RNG k-epsilon model 

The RNG k-epsilon model is a more refined version of the standard k-epsilon model. 

An additional term in its 𝜖 equation makes the RNG k-epsilon model more accurate 

for rapidly strained flows and improves the accuracy in swirl flows. This model is 

adopted in solving the SCPP model. 

The solution to the transport equations for the turbulent kinetic energy, k, and the 

turbulent dissipation rate, ε is found with the utilization of the RNG k-epsilon model 

as expressed in Equation 3.12 and 3.13 where, 𝐺𝑘 is the kinetic energy generation due 

to velocity gradients, 𝐺𝑏 is the kinetic energy generation due to buoyancy, 𝑌𝑀 is the 

contribution of fluctuating dilatation, and 𝑆𝑘 and 𝑆𝜀 are the user-defined terms, 𝐶1, 
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𝐶2, 𝐶1𝜀 and 𝐶3𝜀 are turbulent model constants, 𝜇𝑒𝑓𝑓 is the dynamic viscosity and 𝛼𝑘 

and 𝛼𝜖 are the inverse effective Prandtl number for k and 𝜖, respectively. 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝛼𝑘𝜇𝑒𝑓𝑓) (

𝜕𝑘

𝜕𝑥𝑗
)] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘  3.12 

𝜕

𝜕𝑡
(𝜌𝜀) + (

𝜕

𝜕𝑥𝑖
) (𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝛼𝜖𝜇𝑒𝑓𝑓) (

𝜕𝜀

𝜕𝑥𝑗
)] + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) −

𝐶2𝜖𝜌
𝜖2

𝑘
− 𝑅𝜖 + 𝑆𝜀   

3.13 

The model coefficients values 𝐶1𝜖 = 1.42, 𝐶2𝜖 = 1.68 are constants that are used in 

ANSYS Fluent. The inverse effective Prandtl number at large Reynold’s number is 

taken to be 𝛼𝑘 = 𝛼∈ ≈ 1.393 (Fluent 2009). 

3.3.6.2 Shear Stress Transport (SST) k-omega model 

The SST k-omega model developed by Menter (1994) is a more accurate formulation 

of the k-omega model in the near-wall region with the far-field free stream 

independence of the k-epsilon model. The model blends both functions together at the 

near-wall regions while reducing to zero when away from the surface which activates 

the k-epsilon model. The SST k-omega model is suggested to be more reliable in 

solving adverse pressure gradient flows and airfoil problems compared to the standard 

k-omega model (Fluent 2009). The addition of the cross-diffusion term in the omega 

equation together with the blending function ensures good behaviour at both the near-

wall regions and the far-field regions. This model is incorporated to solve the turbine 

related problems in this study.  

The equation of the SST k-omega model, which is similar to the standard k-omega 

model, is represented in Equations 3.14 and 3.15, where it is used to solve the transport 

equations for the turbulent kinetic energy, k, and the specific dissipation rate, 𝜔. 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(Γ𝑘) (

𝜕𝑘

𝜕𝑥𝑗
)] + �̃�𝑘 − 𝑌𝑘 + 𝑆𝑘  3.14 

𝜕

𝜕𝑡
(𝜌𝜔) + (

𝜕

𝜕𝑥𝑖
) (𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(Γ𝜔) (

𝜕𝜔

𝜕𝑥𝑗
)] + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔   3.15 
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From the equations above, �̃�𝑘 is the kinetic energy generation due to velocity 

gradients, 𝐺𝜔 is the specific dissipation rate generation, Γ𝑘 and Γ𝜔 are representations 

of the effective diffusion of k and omega, 𝑌𝑘 and 𝑌𝜔 are the representations of the 

turbulence dissipation of k and omega, 𝐷𝜔 is the representation of the cross-diffusion 

term, while 𝑆𝑘 and 𝑆𝜀 are the user-defined terms (Fluent 2009). 

The effective diffusion of k and omega and be calculated using Equations 3.16 and 

3.17, where the 𝜎𝑘 and 𝜎𝜔 are the turbulent Prandlt numbers for k and omega, while 

the 𝜇𝑡 is the turbulent viscosity. 

Γ𝑘 =  𝜇 +  
𝜇𝑡

𝜎𝑘
  3.16 

Γ𝜔 =  𝜇 +  
𝜇𝑡

𝜎𝜔
  3.17 

3.4 Turbine Validation 

This section discusses the type of turbine utilised for power generation in the solar 

chimney power plant. The model specifications of the turbine, the mesh settings, setup 

and solution methods of the simulations are discussed in detail.  

3.4.1 Geometry Specifications 

This subsection presents the turbine geometry that was used in the study.  The turbine 

model that was incorporated in this study was adopted from the work of Roy and Saha 

(2015) and Roy and Ducoin (2016). This particular turbine geometry type was chosen 

for its advantage in lift generation at low velocities compared to a conventional 

Savonius wind turbine, as discussed in the literature studies (Section 2.11). The novel 

two-bladed Savonius wind turbine blade profile with coordinates is presented in Figure 

3.1.  
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Figure 3.1: The novel Savonius Style Wind Turbine with coordinates (Roy and 

Ducoin 2016) 

The coordinates of the blade profile were inputted into excel, which was then exported 

to Solidwork through a text file. The blade profile was reconstructed and then scaled 

to a diameter of 0.21 (D). The turbine was tested in a circular domain with a diameter 

of 2D. An outer rectangular domain of 14D length and 6D width was constructed in 

which the circular domain and the turbine were contained. The circular domain was 

positioned 3D from the left end of the rectangular domain. The whole sketch was 

converted into a 2D planar surface, as shown in Figure 3.2. 

 

Figure 3.2: 2D Planar Turbine Domain 

3.4.2 ANSYS Fluent: Geometry Interface 

The 2D planar surface from Solidworks was imported into ANSYS Fluent’s 

“Geometry” interface as a “STEP” file. First, the circular domain and both turbine 
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blades were subtracted from the rectangular domain, with preservation of the 

subtracted body. Second, both turbine blades were subtracted from the circular 

domain, with no preservation of the subtracted body. The model was then generated 

and transferred to the meshing interface, which will be discussed in the following 

subsection. 

3.4.3 ANSYS Fluent: Mesh Interface 

This subsection presents the mesh settings used for the validation of the energy 

extractor. Table 3.1 displays the detailed mesh settings used for the validation of the 

proposed SSWT. 

Table 3.1: Mesh Settings for the turbine validation 

Parameters Values 

Type of mesh Triangular 

Rectangular Domain 0.012 m 

Circular Domain (R=0.21m) 0.001 m 

Sub-Circular Domain (R=0.12m) 0.0007 m 

Circular Domain (Inner/Outer): 

Number of Division 
200 

Turbine Blade Long Edge Division 250 

Turbine Blade Short Edge Division 4 

Inflation 

• 1st layer thickness = 3.9113 x 10−5 

• 10 layers 

• Growth rate = 1.14 

y+ ≤ 1 

The mesh type used for this model was the triangular mesh since the domain was more 

prone to curved geometries. The “Sphere of Influence” method was used for the 

element sizing for the Circular and Sub Circular Domain. The “inner circular domain” 

edge was selected by using the hide option for the rectangular domain, while the “outer 

circular domain” edge was selected by applying the hide option for the circular 
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domain. This step is vital to enable the “sliding mesh” interface discussed in 

Subsection 3.4.4. The first layer thickness of the inflation is calculated based on the 

required “y+” value of less than 1, at fluid air properties at 25°𝐶. Figure 3.3, Figure 

3.4 and Figure 3.5 presents the mesh for the turbine validation, mesh for the circular 

domain and inflation of the turbine blade, respectively. Each boundary was given a 

“Named Selection” for the setting of the mesh. These named boundaries were 

transferred to the following “Setup” interface discussed in Subsection 3.4.4. 

 

Figure 3.3: Mesh for Turbine Validation 

 

Figure 3.4: Mesh of Circular Domain 
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Figure 3.5: Turbine Blade Inflation 

3.4.4 ANSYS Fluent: Setup Interface 

This subsection presents the setup for the turbine validation. The model chosen to solve 

the transport equations in the turbine validation is the SST k-𝜔 model since this model 

is able to predict near-wall fluid flow values accurately. The material properties 

adopted for the turbine validation is tabulated in Table 3.2. 

Table 3.2: Material properties for turbine validation 

Properties/Material Air Aluminium 

Density (kg/m3) 1.1845 2719 

Viscosity (kg/m-s) 1.8444e-5 Nil 

The cell zone conditions for the rectangular and circular domains were set to be fluid. 

The rectangular domain was set to be a static fluid mesh, while the circular domain 

was set to be a rotating fluid mesh. The rotational speed was inputted based on the 

TSR tested at a constant wind velocity of 7.8 m/s. A mesh interface was created 

between the outer circular and inner circular domains to connect the mesh cell from 

the rectangular domain to the circular domain for fluid flow. These two boundaries 

were set as a moving wall to create a “sliding mesh”. Different turbulence intensity 

and viscosity ratio values were tested considering the medium turbulence setup of the 

application, and the final values were selected according to the percentage error against 

the validation results. The walls are allowed to move relative to the adjacent cell zone. 
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Table 3.3 displays the boundary conditions of the rectangular domain and circular 

domain. The turbulence characteristics were selected after a series of parametric 

studies based on medium-ranged turbulence.  

Table 3.3: Boundary Conditions for Turbine Validation 

Boundary Conditions 

Velocity-Inlet 

• Velocity Magnitude = 7.8 m/s 

• Turbulence intensity = 5% 

• Turbulent Viscosity Ratio = 10 

Pressure-Outlet 
• Turbulence intensity = 5% 

• Turbulent Viscosity Ratio = 10 

Outer Circular Domain 

• Mesh Interface 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

Inner Circular Domain 

• Mesh Interface 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

Turbine Blades 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

The reference values are set up for the turbine validation to determine the moment 

coefficient at the turbine blades. The depth for a 2-dimensional analysis is typically set 

as 1m in the z-direction. The fluid properties selected were based on the temperature 

at 298 K. These values are tabulated in Table 3.4. 
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Table 3.4: Reference Values for Turbine Validation 

Reference Values 

Area (m2) 0.21 

Density (kg/m3) 1.1845 

Depth (m) 1 

Length (m) 0.105 

Temperature (K) 298 

Velocity (m/s) 7.8 

Viscosity (kg/m-s) 1.8444 𝑥 10−5 

3.4.5 ANSYS Fluent: Solution Interface 

The SIMPLE scheme was chosen for the pressure-velocity coupling. The “Least 

Square Cell-Based” was used for the Spatial Discretization of the Gradient, while 

pressure, momentum, turbulence and transient calculation were set to the second order. 

An ideal value of 10−3 was selected for the convergence criterion. 4000-time steps 

were used with a time step size of 0.0005s for a more accurate result as the smallest 

mesh size in the whole domain was 0.0005m. The maximum number of iterations per 

time step was set to 20. 

3.5 Solar Chimney Power Plant Validation 

This section presents the geometric configurations, the mesh settings, setup and 

solution used in ANSYS Fluent for the validation of the solar chimney power plant. 

The results obtained from these configurations were validated using the experimental 

results obtained from the Manzanares plant in Spain.  

3.5.1 Geometry Specifications 

The geometry of the solar chimney power plant was constructed with reference to the 

Manzanares plant dimensions from Haaf et al. (1983), Haaf (1984a) and Cuce, Sen, 

and Cuce (2020). The dimensions utilized for the model sketch are displayed in Table 

3.5.  
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Table 3.5: Axisymmetric Design Parameters of the Solar Chimney Power Plant 

Design Parameters Dimensions 

Chimney Height 197 m 

Chimney Diameter 5 m 

Collector Radius 122 m 

Mean Collector Height 1.85 m 

 

3.5.2 ANSYS Fluent: Geometry Interface 

The 2D axisymmetric model was imported into the ANSYS Fluent geometry interface 

in a “STEP” file. The model was sketched with the x-axis as the axis of rotation to 

enable the axisymmetric function. Figure 3.6 shows the geometry that was modelled 

and imported into the ANSYS Fluent geometry interface. 

 

Figure 3.6: SCPP model in the Geometry Interface 
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3.5.3 ANSYS Fluent: Mesh Interface 

This subsection presents the mesh settings used for the SCPP model. The mesh settings 

used has been tabulated in Table 3.6.  

Table 3.6: Design Parameters for the Validation of the SCPP 

Design Parameters Dimensions 

Mesh Type Triangular 

Element size 0.08 m 

Number of elements 249696 

The triangular mesh was adopted for the whole domain as the flow characteristics in 

the curved areas were vital for the analysis. Figure 3.7 and Figure 3.8 shows the model 

with the applied mesh. 

 

Figure 3.7: Common meshing for the whole SCPP domain 
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Figure 3.8: Triangular meshing used in the domain 

3.5.4 ANSYS Fluent: Setup Interface 

This subsection presents the setup and the boundary conditions applied to the SCPP 

domain for the validation. The pressure-based solver is chosen with a steady-state 

axisymmetric 2D space. Gravitational acceleration is applied at the x-axis at a value 

of -9.81 m/s. The energy equation was utilized to activate the thermal settings in 

Fluent. The RNG k-epsilon model with standard wall functions and full buoyancy 

effects were used for turbulent flow, while the Discrete Ordinates (DO) model was 

activated as the radiation model. The material properties adopted for the fluid and solid 

regions are listed in Table 3.7. The Boussinesq approximation was incorporated for 

the identification of the air density under the influence of temperature.  

Table 3.7: Material properties for the SCPP Validation 

Physical properties 

(unit) 
Air Glass Ground Aluminium 

Density (kg/m3) 
1.2046 

(boussinesq) 
2500 2160 2719 

Specific heat capacity, 

Cp (j/kg-k) 
1006.43 750 710 871 
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Thermal conductivity 

(W/mK) 
0.0259 1.15 1.83 202.4 

Viscosity (kg/ms) 1.7894e-5 - - - 

Absorption 

Coefficient (1/m) 
0.00331 0.03 0.9 0 

Thermal Expansion 

Coefficient (1/k) 
0.0034112 - - - 

Refractive Index 1 1.516 1 1 

Thickness (m) - 0.004 0.5 0.00125 

 

The operating pressure was set to an ambient pressure of 101325 Pa, while the 

operating temperature under the Boussinesq parameter was set to an ambient 

temperature of 293.15K. The boundary conditions considered in the CFD modelling 

is tabulated in Table 3.8. The heat transfer coefficient was calculated using equations 

obtained from Section 2.2.1. The turbulence length scale value was selected based on 

the natural convection type flow at the inlet and outlet.  

Table 3.8: Boundary Conditions for SCPP Validation 

Boundary 

Conditions 
Categories Values 

Axis Axis • Nil 

Chimney Wall 

• Momentum 

o Stationary Wall 

o No slip 

• Thermal 

o Heat Flux = 0 W/m2 

o Wall thickness = 0.00125m 

o Material Name = Aluminium 

• Radiation 

o BC Type = Opaque 
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Collector Wall 

• Momentum 

o Stationary Wall 

o No slip 

• Thermal 

o Convection 

▪ Heat Transfer Coefficient = 10 w/m2-k 

▪ Free Stream Temperature = 293.15K 

▪ Wall thickness = 0.004m 

▪ Material Name = Glass 

• Radiation 

o BC Type = Semi-transparent 

o Direct Radiation = 1000 w/m2 

o Beam Direction: X= -1 

Ground Wall 

• Momentum 

o Stationary Wall 

o No-slip 

o Sand-Grain Roughness Height (m) =    0.05 

• Thermal 

o Heat Flux = 0 W/m2 

o Wall thickness = 0.5m 

o Material Name = Ground 

• Radiation 

o BC Type = Opaque 

Inlet 
Pressure-

inlet 

• Momentum 

o Gauge Total Pressure (Pa) = 0 

o Turbulent Intensity = 5% 

o Turbulent Length Scale (m) = 0.01 

• Thermal 

o Total Temperature = 293.15K 

Interior- 

Fluid area 
Interior • Nil 

Outlet 
Pressure-

outlet 

• Momentum 

o Gauge Total Pressure (Pa) = 0 

o Backflow Turbulent Intensity = 5% 

o Backflow Turbulent Length Scale (m) = 0.01 

• Thermal 

o Backflow Total Temperature = 293.15K 
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3.5.5 ANSYS Fluent: Solution Interface 

This subsection presents “Solution Methods” used to validate the SCPP. The 

“SIMPLE” Scheme under the Pressure-Velocity Coupling was chosen to identify the 

interaction between pressure and velocity. Under “Spatial Discretization”, the “Green-

Gauss Cell-Based” is adopted for the gradient while the “PRESTO!” technique was 

used for the interpolation of pressure. The governing equations, momentum, turbulent 

model and energy equation, were discretized by the second-order upwind, while the 

Discrete Ordinates (DO) radiation model was discretized by the first-order upwind 

method. The solar calculator was used to incorporate the specific latitude and longitude 

of the Manzanares, Spain plant in the radiation model for the distinct calculation of the 

solar beam direction. Figure 3.9 displays the programmed solar radiation 

characteristics for the SCPP validation. An ideal value of 10−6 was selected for the 

convergence criterion. 

 

Figure 3.9: Programmed Latitude and Longitude of the SCPP 

3.6 Energy Extractor Performance in SCPP for Diameter 0.25m 

This section presents the methods used to analyze the performance of a 0.25m diameter 

Savonius wind turbine in the SCPP. Through the validation of the SCPP, a potential 

location, 9m from the centre of the plant, was identified for the turbine installation in 

the collector region. The geometrical dimensions, mesh, boundary conditions and 
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solving methods for the determination of the performance of the energy extractor in 

the SCPP are discussed in the following subsections. 

3.6.1 Geometrical Dimensions 

This subsection presents the computational domain used for the energy extractor 

analysis that was adopted from the turbine validation and subsequently modified to 

suit the current study. The diameter of the turbine was set to 0.25m. The length of the 

domain was set to 14D, while the width of the domain was set to match the height of 

the collector. The concept of the domain was created to simulate the collector region 

and potential turbine installation area at a minimal computational time. Figure 3.10 

shows the domain used for the analysis. Figure 3.11 and Figure 3.12 shows an 

illustration of the Vertical Installation (VIns) and the Horizontal Installation (HIns) 

studied. 

 

Figure 3.10: Computational Domain for the Energy Extractor Performance Analysis 

in the SCPP 
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Figure 3.11: Vertical Installation 

 

Figure 3.12: Horizontal Installation 

3.6.2 Meshing, Setup and Solution Methods 

The mesh settings that were incorporated in this analysis were adopted from the turbine 

validation. For the ANSYS Fluent Setup, the transient model in a 2D planar space was 

chosen. The SST k-omega turbulence model was considered. The fluid properties were 

based on the ambient temperature of 293.15K. The fluid in the circular domain cell 

zone region was set to motion with rotational velocity based on TSR 0.6, 0.8, 1.0 and 

1.2. The boundary conditions for the domain in this analysis were adopted from the 

turbine validation and altered accordingly for the fluid flow characteristics and turbine 

performance study. These values have been tabulated in Table 3.9. 
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Table 3.9: Boundary Conditions for the Energy Extractor Performance in SCPP 

Analysis 

Boundary Conditions Values 

Velocity-Inlet 

• Velocity Magnitude = 7.88 m/s 

• Turbulence intensity = 5% 

• Turbulent Viscosity Ratio = 10 

Pressure-Outlet 
• Turbulence intensity = 5% 

• Turbulent Viscosity Ratio = 10 

Outer Circular Domain 

• Mesh Interface 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

Inner Circular Domain 

• Mesh Interface 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

Turbine Blades 

• Rotational Motion 

• Move relative to adjacent cell 

zone 

The reference values for the determination of the coefficient of moment from the 

turbine blades were conditioned based on the inlet velocity and fluid air properties at 

the temperature of 293.15K. The solution method chosen to solve the pressure-velocity 

interaction is the “SIMPLE” scheme. The “Least Square Cell-Based” method is 

considered for the gradient computation, while the governing equations, pressure and 

transient formulation were discretized at the second order. The time step size of 

0.0005s was chosen for a more accurate result based on the smallest cell size, while 

the number of time steps was set for a 2 seconds rotation analysis according to TSR 

0.6, 0.8, 1.0 and 1.2. 
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3.7 Energy Extractor Performance at Chimney Divergence 𝟏° and 𝟐° 

This section discusses the methods used to investigate the performance of the SSWT 

under the influence of 1° and 2° diverging chimneys. The dimensions of both the 

models were set to be the dimensions presented in Table 3.5, with the exception of the 

chimney divergence that is calculated from the chimney inlet. Figure 3.13 and Figure 

3.14 presents the SCPP at 1° and 2° diverging chimneys, respectively. The models 

were developed in Solidworks and imported into the ANSYS Fluent Geometry 

interface. The Meshing, Setup and  Solution settings applied for these two models were 

adopted from the SCPP Validation in Section 3.5. The velocity and pressure data 

obtained 9m from the chimney inlet of both 1° and 2° diverging chimney models were 

incorporated into the computational domain as explained in Section 3.6.2 for the 

energy extractor performance investigation. 

 

Figure 3.13: Solar Chimney Power Plant at 1° Chimney Divergence 

 

0 degree 
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Figure 3.14: Solar Chimney Power Plant at 2° Chimney Divergence 

3.8 Influence of the Guide Vanes on the Performance of the Energy Extractor 

This section discusses the methods used to study the performance of the SSWT under 

the influence of guide vanes. The performance of the SSWT was determined based on 

the position of the guide vane, which works either as a guide vane or a deflector, and 

the angle of the guide vane with regards to the SSWT.  

Table 3.10: Values of Parameters Used to Study the Performance of the Guide Vanes 

Position Function Angle ° 

Relative to Advancing Blade Guide Vane with Shield 

0 

22.5 

45 

Relative to Returning Blade Deflector 

140 

145 

150 

 

0 degree 
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Table 3.10 presents the angles used for the guide vane and the deflector for the 

performance study. Figure 3.15, Figure 3.16 and Figure 3.17 illustrate the guide vane 

with shield at was examined at angles 0°, 22.5° and 45°, while Figure 3.18, Figure 

3.19 and Figure 3.20 show the deflectors investigated at angles 140°, 145° and 150°, 

respectively. The meshing, setup, and solution methods adopted for this analysis 

follows the settings mentioned in Section 3.6, where the velocity and pressure data 

input is that of the 0° chimney, while the rotational speed of the SSWT is that of TSR 

0.8. 

 

  

Figure 3.15: 0° Guide Vane with Shield 

(𝐺𝑉𝑆 0°) 

Figure 3.16: 22.5 ° Guide Vane with 

Shield (GVS 22.5°) 

 

 

Figure 3.17: 45° Guide Vane with Shield (𝐺𝑉𝑆 45°) 
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Figure 3.18: 150° Deflector (𝐷𝑒𝑓 150°) Figure 3.19: 145° Deflector (𝐷𝑒𝑓 145°) 

 

 

Figure 3.20: 140° Deflector (𝐷𝑒𝑓 140°) 

3.9 Summary of Chapter 3 

In this chapter, the governing equations of the SCPP with respect to the solar air 

collector, chimney, and turbine components that revolve around the system's physics 

was presented for further understanding. Aside from discussing the numerical stages 

involved in this analysis, the numerical methods incorporated for the SCPP validation 

and the proposed SSWT validation were also presented, where the performance of the 

SSWT at TSR 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 was validated, respectively. The 

approaches used to investigate the performance of the SSWT at chimney divergence 

0°, 1° and 2° and under the influence of guide vanes were also discussed. The 

performance of the SSWT was evaluated at TSR 0.6, 0.8, 1.0 and 1.2 for the varying 

chimney angles and TSR 0.8 for the guide vanes.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.0 Introduction 

This chapter presents the results and potential reasons for the outcome of the analysis 

conducted. The turbine validation for TSR 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 are presented 

and discussed. The results from the validated SCPP model in steady-state are portrayed 

and discussed. Following these two validations, the performance analysis of the SSWT 

in the collector region at chimney divergence 0°, 1° and 2° are presented and 

discussed. Finally, the performance SSWT under the influence of guide vanes is 

evaluated with potential reasoning.   

4.1 Turbine Validation Results and Discussion 

This section presents the results obtained from the turbine validation for TSR 0.2, 0.4, 

0.6, 0.8, 1.0 and 1.2. The quality of the mesh is ensured through the orthogonal quality 

and the skewness of the elements. A Grid Independence Test (GIT) was performed to 

determine the optimal grid structure with the smallest grid number with little difference 

in the simulation results. Figure 4.1 portrays the Grid Independence Test conducted 

for the turbine. The value of the coefficient of moment was observed to be consistent 

at 𝐶𝑀 ≈ 0.39. This value was consistent even at a greater number of elements. To 

reduce the computational time and cost, the grid size with the number of elements 437, 

322 with 𝐶𝑀 = 0.39 was chosen for further analysis.  

 

Figure 4.1: Turbine Validation Grid Independence Test 
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The average y+ value throughout the analysis was maintained at a value lesser than 1 

for a low Reynolds-number resolution and for an accurate prediction of the wall 

friction and boundary layer detachment at the blade surface (Roy and Ducoin 2016).  

Figure 4.2 shows the average y+ value of the simulations. 

 

Figure 4.2: Average y+ value for turbine blades 

The transient Unsteady Reynolds-Averaged Navier-Stokes (URANS) equation was 

performed at Reynolds number equivalent to 1.05 ×  105. The turbine blades at each 

TSR were operated for a minimum of 12 rotations to ensure stability before analysing 

the flow parameters around the blades and the resultant coefficient of moment. The 

simulation results obtained for the validation were calculated based on the last four 

rotations of each simulation. The acquired results from the simulations at varying 

TSRs are validated against experimental data of Roy and Saha (2015) and simulation 

data of Roy and Ducoin (2016). Figure 4.3 shows the moment coefficient from each 

TSR validated against the previous experimental and numerical studies.  

The outcome of the present turbine validation agrees with the results from previous 

literature (Roy and Saha 2015; Roy and Ducoin 2016). The cumulative percentage 

difference between the present validation and prior work was 4.85% and 16.82% 

against Roy and Saha and Roy and Ducoin respectively, indicating that the current 

validation model may be utilized for the present work. The trend presented is 

acceptable since external environmental conditions and different measuring 
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procedures in the experimental studies are expected to influence the outcome. The 

variations in the environmental temperature conditions in the experimental study may 

have affected the fluid’s properties when the turbines were tested experimentally, thus 

causing some difference in the results as plotted in Figure 4.3. 

 

Figure 4.3: Turbine Validation Against Previous Studies 

4.2 SCPP Validation Results and Discussion 

This section presents and discusses the results obtained from the steady-state SCPP 

simulation. The full SCPP model was modelled in an axisymmetric manner about the 

x-axis considering its structure to reduce the computational time significantly. 

Geometries with different dimensions from a few studies were tested, and the 

dimensions and simulation approaches similar to Hu et al. (2016); Haaf et al. (1983) 

and Cuce, Sen, and Cuce (2020) were chosen.  

Figure 4.4 shows the Grid Independence Test performed on the SCPP to acquire the 

optimal grid number required to reach minimal difference in the simulation 

results.  The convergence velocity is attained at 13.2 m/s with 249696 number of 

elements in the GIT. This velocity value remained constant at a greater number of 

elements. Therefore, the mesh setting with element number 249696 was incorporated 

for following SCPP investigations to reduce the computational time and cost.  
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Figure 4.4: SCPP Validation Grid Independence Test 

Table 4.1 summarizes the velocity and temperature rise values obtained from the 

SCPP. The velocity value at the chimney entrance of the simulated model was 13.2 

m/s with a 12.0% error, while the temperature rise obtained was ∆ 22°C with a 10% 

error against the Manzanares plant, respectively.  

Table 4.1: Validation of the SCPP Simulation Model against the Manzanares Plant 

Parameter Haaf (1983) Present 

Simulation 

Error % 

Chimney velocity (m/s) 15 13.2 12 

Temperature rise (℃) 20 22.0 10 

The velocity and temperature rise values were attained from the velocity and 

temperature contour respectively in which the contour were obtained from the 

numerical analysis as displayed in Figure 4.5 and Figure 4.6 presented in Section 4.2.1. 

The contributing factors for the difference in the validation results against the 

experimental results may be due to the changes in the environment. The 2-dimensional 

analysis, which does not include the effects from the circular collector, may have also 

given rise to the difference in the chimney velocity and the temperature difference. 

Aside from that, Haaf et al. (1983) discussed that “side winds” present during the 

experimental Manzanares investigation promoted convective losses from the plant to 
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the environment, while the atmospheric “temperature stratification”, which varied with 

weather conditions, affected the pressure conditions at the chimney outlet, causing 

either an agreeable or disagreeable circumstances to the operating pressure itself.  

Furthermore, due to the location of the Manzanares plant, the dust content present in 

the air did not only affect the amount of global radiation received by the plant but also 

resulted in lesser radiation absorbed by the air in the collector and the ground due to 

the dust settled on the collector sheet (Haaf et al. 1983). These external circumstances 

were not taken into account in the 2D SCPP, thus possibly contributing to the error in 

the upwind velocity and temperature rise that is achieved in this numerical analysis.  

4.2.1 Velocity-Temperature Profiles for SCPP 

This subsection presents the results from the validation of the SCPP. Figure 4.5 and 

Figure 4.6 show the velocity and temperature profile of the SCPP with mesh element 

size 0.08m. Figure 4.5 shows the potential area for the turbine installation in the 

collector- 9m from the plant’s centre. Figure 4.6 shows the temperature rise in the 

collector sector with a minimal difference with the experimental values obtained from 

the Manzanares plant at solar intensity of 1000 W/m2.  

 

Figure 4.5: Velocity Profile for the SCPP   
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Figure 4.6: Temperature Profile for the SCPP 

4.3 The Influence of Chimney Divergence on the Fluid Flow Properties 

This subsection presents and discusses the effects of the chimney divergence at 1° and 

2° on the fluid flow properties at 𝑇 = 293.15 𝐾. The fluid flow properties, such as the 

velocity, temperature and pressure, were compared to the conventional chimney with 

0° divergence. The velocity, temperature and pressure values 9m from the chimney 

based were identified. These values were incorporated into the SSWT performance 

analysis at three chimney divergence conditions of 0°, 1° and 2°. 

4.3.1 Velocity Profiles of SCPP at 𝟎°, 𝟏° and 𝟐° Chimney Divergence 

Figure 4.7, Figure 4.8 and Figure 4.9 present the velocity profiles of the SCPP with 

0°, 1° and 2° chimney divergence. The average velocity obtained 9m from the plant’s 

centre increases with chimney divergence. At 1° chimney divergence, the velocity at 

the site of interest is enhanced by 72.84% compared to the cylindrical chimney with 

0° divergence. At 2° chimney divergence, the average velocity increases by 23.40% 

compared to the 1° model and 114.21% compared to the 0° cylindrical chimney model. 

 



75 

 

 

Figure 4.7: Velocity Profile of SCPP at 0° Chimney Divergence 

 

Figure 4.8: Velocity Profile of the SCPP at 1° Chimney Divergence 
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Figure 4.9: Velocity Profile of the SCPP at  2° Chimney Divergence 

 

4.3.2 Temperature Profiles of SCPP at 𝟎°, 𝟏° and 𝟐° Chimney Divergence 

Figure 4.10, Figure 4.11 and Figure 4.12 present the temperature profiles of the SCPP 

with 0°, 1° and 2° chimney divergence. The temperature rise decreases with increasing 

chimney divergence. At 1° divergence, the temperature rise is 21.95% lesser than the 

cylindrical 0° chimney. At 2° divergence, the temperature rise is 2.69% lesser than the 

1° chimney divergence model and 24% lesser than the cylindrical 0° chimney 

divergence model. 
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Figure 4.10: Temperature Profile of SCPP at 0° Chimney Divergence 

 

Figure 4.11: Temperature Profile of SCPP at 1° Chimney Divergence 

Temperature rise =  ∆22℃ 

Temperature rise = ∆17.17 
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Figure 4.12: Temperature Profile of the SCPP at  2° Chimney Divergence 

4.3.3 Pressure Profiles of SCPP at 𝟎°, 𝟏° and 𝟐° Chimney Divergence 

Figure 4.13, Figure 4.14 and Figure 4.15 present the static pressure profiles of the 

SCPP with 0°, 1° and 2° chimney divergence. The static pressure range is observed to 

increase with greater chimney divergence. At 1° chimney divergence, the pressure 

(𝑃𝑏0 − 𝑃𝑎0) < (𝑃𝑏1 − 𝑃𝑎1), while at 2° chimney divergence, (𝑃𝑏2 − 𝑃𝑎2) > (𝑃𝑏1 −

𝑃𝑎1) > (𝑃𝑏0 − 𝑃𝑎0). From observation, the larger chimney divergence decreases the 

pressure in the chimney region. 

Sections 4.3.1, 4.3.2 and 4.3.3 demonstrate that increasing chimney divergence leads 

to velocity increase, temperature difference decrease, and static pressure range 

increase. The area of the chimney outlet is larger in diverging chimneys compared to 

the cylindrical chimney (0° divergent chimney). Figure 4.7, Figure 4.8 and Figure 4.9 

show the flow area's effect on the mass flow rate, where a higher velocity region is 

observed at the chimney inlet for chimneys with larger divergent angles than the 

cylindrical constant-area chimney. The increase in the chimney exit area increases the 

Temperature rise = ∆16.72 
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mass flow rate in the system, resulting in a greater velocity region at the chimney 

entrance that maintains a conserved mass flow rate.  

 

Figure 4.13: Pressure Profile of SCPP at 0° Chimney Divergence 

 

Figure 4.14: Pressure Profile of SCPP at 1° Chimney Divergence 
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Figure 4.15: Pressure Profile of the SCPP at  2° Chimney Divergence 

Next, from Figure 4.10, Figure 4.11 and Figure 4.12, the temperature rise values are 

observed to decrease with an increasing chimney exit area. According to the principle 

of conservation of energy, a higher mass flow rate would result in a lower temperature 

rise for an equal amount of energy input. According to the law of conservation of mass, 

the fluid flow requires less acceleration to move from the chimney entrance to the 

diverging chimney outlet compared to the standard cylindrical chimney with 0° 

divergence. This results in a lower pressure gradient across the diverging chimney. 

Thus, this occurrence is more prominently seen in the 2° diverging chimney compared 

to the 1° diverging chimney and subsequently, the cylindrical chimney with 0° 

divergence as shown in Figure 4.13, Figure 4.14 and Figure 4.15.  

Gannon and von Backstro¨ m (2003) inferred that the appropriate expansion of the 

chimney outlet reduces the kinetic energy loss, where the dynamic pressure converts 

into static pressure for greater power augmentation. However, the increase in 

divergence beyond 3 degrees is suggested to decline the power output, which may 

result from boundary layers separation at the chimney walls (Hu, Leung and Chen 

2017). The outcome presented in this section agrees with the study performed by 

Koonsrisuk and Chitsomboon (2013) and Zuo, Dai, et al. (2020), which inferred that 

diverging chimney increases static pressure, mass flow rate and power augmentation. 

The velocity and pressure data obtained from all three chimney models were extracted 

and applied to the test domain of the following sections to identify the performance of 

 

b 

a 



81 

 

the SSWT in a conventional cylindrical chimney compared to that under the influence 

of diverging chimneys.    

4.4 𝟎° Divergence - Performance Analysis of the Turbine under Vertical 

Installation and Horizontal Installation 

This section presents the results obtained from the analysis of the SSWT at TSR 0.6, 

0.8, 1.0 and 1.2 under the influence of the 0° chimney divergence for the VIns and HIns, 

respectively. The moment coefficient, performance coefficient, and power output of 

the turbine are demonstrated and discussed. The instantaneous moment coefficient and 

performance coefficient for one complete turbine rotation for both configurations are 

compared and studied at TSR 0.8, respectively. The difference between the turbine 

configurations is analysed through the velocity and pressure profiles at TSR 0.8.  

4.4.1 𝐂𝐦, 𝐂𝐩 and Power Output for 𝐕𝐈𝐧𝐬 and 𝐇𝐈𝐧𝐬 at 𝟎° Divergence 

Figure 4.16 presents the moment coefficient of the VIns and HIns at TSR 0.6, 0.8, 1.0 

and 1.2 for a 0° chimney divergence SCPP model. The values of the coefficient of 

moment decrease with increasing TSR for both configurations. The highest coefficient 

of moment is noticed at TSR 0.6 with a value of 0.53 under the HIns, while the lowest 

coefficient of moment is noticed at TSR 1.2 with a value of 0.24 under the VIns. The 

HIns shows a slightly higher moment coefficient compared to the VIns. The distributed 

free stream velocity flow in the VIns causes an equal amount of force exerted on both 

the advancing and returning blade. As a result, higher negative torque is produced by 

the returning blade compared to the HIns.  

The generation of high negative torque is a known problem in the operation of the 

Savonius that reduces the overall torque produced by the rotor. However, the non-

distributed free stream velocity flow in the HIns, results in a higher velocity flow attack 

on the advancing blade, while having a relatively low velocity impact on the returning 

blade. Consequently, the negative torque created by the returning blade is lesser than 

that of the advancing blade, resulting in a higher total produced torque compared to 

the VIns. Therefore, the different impacts on the advancing and returning blade in both 

configurations may have caused the HIns to exert a higher moment than the VIns at all 

TSR values. 
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Figure 4.17 presents the performance coefficient of the VIns and HIns at TSR values 

0.6, 0.8, 1.0 and 1.2 for the 0° chimney divergence. The performance of the HIns is 

observed to be better than the VIns. The highest performance coefficient value is 

observed at TSR 0.8 under the HIns with a value of 0.37, which is 2.78% higher than 

the VIns. In contrast, the lowest performance coefficient is obtained at TSR 1.2 under 

the VIns with a value of 0.29, which is 3.45% lower than HIns. The higher performance 

of the HIns compared to the VIns is an influence of the torque generation in both 

configurations.  

 

Figure 4.16: Coefficient of Moment for the Vertical and Horizontal Installation at 0° 

Chimney Divergence 

In both configurations, the performance increases from TSR 0.6, peaks at TSR 0.8 and 

reduces thereafter till TSR 1.2. Thus, the optimal performance for both configurations 

is observed under TSR 0.8. The finding in this study is consistent with previous 

studies, in which the optimal coefficient of power was experimentally proven to be in 

the range of TSR 0.75 to TSR 0.82 (Hassanzadeh, Mohammadnejad and Mostafavi 

2021; Roy and Saha 2015; Roy 2014; Chan, Bai and He 2018; Fujisawa and Gotoh 

1994).  

The tip speed ratio (TSR) of a wind turbine is the ratio between the incoming free 

stream velocity and the speed of the tip of the turbine blade. Therefore, the greater the 

speed of the turbine, the higher the tip speed ratio. At TSR 0.8, the free stream velocity 
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dominates the rotational speed of the turbine blades. During this occurrence, the drag 

contribution is significantly higher than TSR 0.2-0.6 and TSR 1.0-1.2. Since the 

Savonius turbine works based on the drag principle, it experiences the optimum 

performance at TSR 0.8.  

Moreover, for the chosen Savonius blade design, the lift contributing factor has been 

modified and enhanced, thus improving its performance compared to a conventional 

Savonius turbine design (Roy and Ducoin 2016). Above TSR 1.0, the drag force acting 

on the blade reduces since the incoming free stream velocity is now equivalent to or 

higher than the rotational speed of the turbine blade. The rotational speed, in turn, 

dominates the free stream velocity at TSR 1.2, causing a poorer drag formation on the 

rear side of the advancing blade. For these reasons, the VAWT has a better starting 

ability compared to the HAWT (Alom and Saha 2019). 

 

Figure 4.17: Coefficient of Performance for the Vertical and Horizontal Installation 

at 0° Chimney Divergence 

Figure 4.18 presents the power generated for the VIns and HIns at TSR 0.6, 0.8, 1.0 and 

1.2 in the cylindrical 0° divergent chimney. The outcome shows that the HIns’s power 

generation is slightly higher than the VIns for all TSR values. The HIns produces the 

highest power at a value of  27.11 W, 2.22% greater than VIns at TSR 0.8. In 

comparison, the VIns generated the lowest power with a value of  21.22 W at TSR 1.2, 

4.15% lower than HIns.  
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Based on the discussion on the moment coefficient and the performance coefficient 

above, the HIns may have experienced increased torque and performance due to the 

non-distributed flow present in the configuration. The total torque available from the 

VIns and HIns influences the power generated by the turbine. Consequently, a higher 

generated power may have been demonstrated by the HIns than the VIns. 

 

Figure 4.18: Power Output for the Vertical and Horizontal Installation at 0° Chimney 

Divergence 

4.4.2 Instantaneous 𝐂𝐦 and 𝐂𝐩 for 𝐕𝐈𝐧𝐬 and 𝐇𝐈𝐧𝐬 at 𝟎° Chimney Divergence 

Figure 4.19 presents the instantaneous moment coefficient of the VIns and HIns at 0° 

chimney divergence. The HIns shows a higher amplitude from 20 degrees to 80 degrees 

and 200 degrees to 240 degrees which suggests a higher moment generation at these 

azimuth angles compared to the VIns. The blade design is suggested to have a higher 

lift contribution at these angles, thus working as a lift device. Beyond these angles, the 

blade acts as a drag device. Thus, the higher velocity attacking the advancing blade in 

the HIns may have influenced a higher lift generation compared to the advancing blade 

in the VIns. 

Figure 4.20 presents the instantaneous performance coefficient of the VIns and HIns at 

0° chimney divergence. The HIns shows a higher performance with a larger amplitude 

compared to the VIns at 20 degrees to 80 degrees and 200 degrees to 240 degrees. As 

reflected in Figure 4.19, a higher torque generation was suggested at these azimuth 
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angles due to the lift contribution resulting from the blade’s aerodynamic design. 

Consequently, the higher performance experienced by the HIns may have been the 

influence of the higher torque generation at these mentioned azimuth angles. 

 

Figure 4.19: Instantaneous 𝐶𝑚 at 0° Chimney Divergence 

 

Figure 4.20: Instantaneous 𝐶𝑝 at 0° Chimney Divergence 

4.4.3 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟎°  

Figure 4.21 presents the velocity and pressure profiles for the VIns and HIns at an 

azimuth angle of 0°. In both configurations, a higher velocity region can be observed 
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at the convex of the advancing blade. This is due to a Coanda flow like effect. Coanda 

flow is the tendency of a fluid jet to remain attached to a convex surface due to a low-

pressure region that results in a suction-like effect.  

 

 

 

 
 

 
Vertical Installation Horizontal Installation 

Figure 4.21: 0° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 0° 

In the pressure profiles, a lower pressure region formation can be observed at the rear 

side of the advancing blade in both configurations. Both the pressure profiles of the 

VIns and HIns have similar lift regions on the rear side of the advancing blade. The 

high-pressure difference between the concave and convex sides of the advancing blade 

causes a positive torque generation which contributes to the rotation of the turbine 

rotor. The similar velocity and pressure effects on both the configurations may have 

contributed to a similar torque production for the HIns and the VIns. 
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4.4.4 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟒𝟓°  

Figure 4.22 presents the velocity and pressure profile for the VIns and HIns at an 

azimuth angle of 45°. In the velocity profile, a higher lift generation is observed at the 

rear side of the advancing blade in the HIns compared to the VIns. In the pressure 

profile, a more prominent low-pressure wake region is observed at the rear side of the 

advancing blade in the HIns than the VIns. Furthermore, a slightly greater difference 

between the convex and concave sides at the mid-section is observed, leading to a 

higher drag generation in the HIns than the VIns. The higher lift and drag generation 

and the greater pressure difference between the convex and concave sides of the 

advancing blade may have contributed to a larger generated torque in the HIns than 

VIns. 
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Figure 4.22: 0° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 45° 
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4.4.5 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟗𝟎°  

Figure 4.23 presents the velocity and pressure profiles of the VIns and HIns at an 

azimuth angle of 90°. In the velocity profiles, the HIns is seen to produce similar tip 

vortices at the tip of the advancing blade, contributing to a similar lift generation as 

the VIns. In the pressure profile, a similar low-pressure wake region can be observed 

to be forming at the tip of the advancing blade in both the HIns and VIns. On both 

configurations, a similar difference in pressure is noticed at the front and rear of the 

advancing blade resulting in a similar lift formation. Thus, the similar lift generated by 

the low-pressure wake region on the tip of the advancing blade in the HIns and VIns 

may have contributed to similar torque production. 

  

 

 

 

 

Vertical Installation Horizontal Installation 

Figure 4.23: 0° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 90° 
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4.4.6 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟏𝟑𝟓°  

Figure 4.24 presents the velocity and pressure profiles of the VIns and HIns at an 

azimuth angle of 135°. In the velocity profile, a slightly higher lift generation can be 

observed from the high-velocity formation on the tip region of the advancing blade of 

the HIns than the VIns. This effect is evidently seen in the pressure profile comparison, 

where the HIns has a lower pressure wake region formation at the tip region of the 

advancing blade than the VIns. Nevertheless, a slightly higher pressure difference 

between the concave and convex of the advancing blade creating drag is noticed in the 

VIns than the HIns. The higher pressure difference in the VIns may have improved the 

configuration’s torque generation, hence, resulting in a similar overall torque 

production in the HIns and VIns.  
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Figure 4.24: 0° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 135° 



90 

 

4.5 𝟏° Divergence - Performance Analysis of the Turbine under Vertical 

Installation and Horizontal Installation 

This section presents the results obtained from the analysis of the SSWT at TSR 0.6, 

0.8, 1.0 and 1.2 under the influence of the 1° chimney divergence for the VIns and HIns, 

respectively. The moment coefficient, performance coefficient, and power output of 

the turbine are presented and discussed. The instantaneous moment coefficient and 

performance coefficient for one complete turbine rotation for both configurations are 

compared and studied at TSR 0.8, respectively. The difference between the turbine 

configurations is analysed through the velocity and pressure profiles at TSR 0.8. 

4.5.1 𝐂𝐦, 𝐂𝐩 and Power Output for 𝐕𝐈𝐧𝐬 and 𝐇𝐈𝐧𝐬 at 𝟏° Divergence 

Figure 4.25 presents the moment coefficient for the VIns and HIns at 1° chimney 

divergence. The trend of both the configurations is seen to be decreasing from TSR 

0.6 to TSR 1.2. At TSR 0.6, both the VIns and HIns share the same magnitude of 

moment coefficient at 0.69. As the tip speed ratio moves to TSR 0.8, it is observed that 

the HIns has a higher moment coefficient magnitude than the VIns by 3.13%. At TSR 

1.0, the HIns supersedes the moment coefficient of the VIns by 100%. At TSR 1.2, the 

moment coefficient of the VIns is 50% lower than the HIns.  

 

Figure 4.25: Coefficient of Moment for the Vertical and Horizontal Installation at 1° 

Chimney Divergence 
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At a lower TSR of 0.6, the force from the fluid flow exerted on the turbine blade is 

low, which may have influenced a similar magnitude of moment coefficient in both 

HIns and VIns. As the TSR value is gradually increased to TSR 0.8, the higher force of 

air attack from the non-distributed flow of the HIns may have aided the configuration 

to produce higher torque than the VIns. Similar behaviour may have occurred at TSR 

1.0 and TSR 1.2, where the generated torque of the HIns is higher than the VIns.  

However, at TSR 1.0, the incoming fluid velocity is equivalent to the rotational rate of 

the turbine, which means that the drag experienced by the rotor is lower than TSRs 

below 1.0. Furthermore, at TSR 1.2, the free stream velocity dominates the turbine's 

rotational speed, causing a much lower drag formation on the turbine blades, leading 

to a lower torque generation. Moreover, the distributed flow in the VIns may have 

created a higher negative torque due to the equal air attack on both the advancing and 

returning blade, which may have contributed to the lower torque generation at TSR 

1.0 and 1.2 than the HIns. 

 

Figure 4.26: Coefficient of Performance for the Vertical and Horizontal Installation 

at 1° Chimney Divergence 

Figure 4.26 presents the performance coefficient of the VIns and HIns for the 1° 

chimney divergence. The maximum performance is observed at TSR 0.8 under the 

HIns with a value of 0.53, 3.92% higher than VIns. The minimum performance is 

observed at TSR 1.2 under the VIns with a value of 0.10, 40% lesser than the HIns. In 

0.41 0.51

0.16

0.10

0.53

0.32

0.14

0.04

0.14

0.24

0.34

0.44

0.54

0.64

0.4 0.6 0.8 1.0 1.2 1.4

C
p

TSR

Cp vs TSR
(1 Deg)

Vertical Installation

Horizontal Installation



92 

 

general, the HIns performs better than the VIns, which may have been the contribution 

of the higher non-distributed flow that attacks the advancing blade under the HIns than 

the VIns.  

The optimal performance occurring at TSR 0.8 is in line with previous literature as 

discussed in Section 4.4.1. Furthermore, the dominance of the fluid flow over the 

rotational rate of the turbine aids the performance of the rotor through the optimal 

production of the lift and drag at TSR 0.8. The lower torque generation in the VIns than 

the HIns may have been due to the distributed fluid flow in the configuration, which 

adversely impacts the returning blade. This may have reduced the performance of the 

VIns than the HIns, especially at TSR 1.0 and 1.2. 

Figure 4.27 presents the power generation for the VIns and HIns at 1° chimney 

divergence. The peak power was generated at TSR 0.8 under the HIns with a value of 

200.87 W, 3.13% higher than VIns. In contrast, the lowest generated power was 

produced at TSR 1.2 under the VIns with a value of 36.52W, 50% lesser than HIns. The 

lowest power production by both configurations is still higher than that of the highest 

power generated in Section 4.4, where the HIns 1° and VIns 1° are higher than HIns 0° 

and VIns 0° by 102.07% and 37.71%, respectively. 

 

Figure 4.27: Power Output for the Vertical and Horizontal Installation at 1° Chimney 
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According to Equation 2.47, the available wind power is influenced by the velocity 

function, V3, that has a substantial impact on overall power output. Consequently, the 

higher magnitude of incoming fluid velocity contributes to a larger power 

augmentation by both configurations under the influence of the 1° chimney 

divergence. Although the performance highly varies from TSR 0.6 to TSR 1.2, the 

power production by both the configurations, HIns and VIns, show sound potential in 

the SCPP. 

4.5.2 Instantaneous 𝐂𝐦 and 𝐂𝐩 for 𝐕𝐈𝐧𝐬 and 𝐇𝐈𝐧𝐬 at 𝟏° Divergence 

Figure 4.28 presents the instantaneous moment coefficient of the VIns and HIns at 1° 

chimney divergence. The HIns shows a larger amplitude which suggests a higher 

moment generation at azimuth angles 0 degrees to 30 degrees, 150 degrees to 240 

degrees and 280 degrees to 360 degrees compared to the VIns. The higher velocity 

attacking the advancing blade due to the non-uniform velocity profile may have 

improved the lift and drag contribution in the HIns, thus creating a higher torque than 

the VIns. Similarly, the uniform velocity profile attacking the advancing and returning 

blade at these azimuth angles may have caused a higher negative torque formation in 

the returning blade of the VIns, thus reducing the overall torque generation compared 

to the HIns. 

 

Figure 4.28: Instantaneous 𝐶𝑚 at 1° Chimney Divergence 
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Figure 4.29 presents the instantaneous performance coefficient of the VIns and HIns at 

1° chimney divergence. The HIns shows a higher performance with a larger amplitude 

compared to the VIns at 0 degrees to 30 degrees, 150 degrees to 240 degrees and 280 

degrees to 360 degrees. The blade’s aerodynamic design contributing to a higher lift 

in the advancing blade may have been advantageous for the HIns as the configuration 

has a higher velocity impacting the advancing blade compared to the VIns due to the 

non-uniform velocity profile. As a result, the HIns may have been attributed to greater 

torque production than the VIns, leading to an enhanced performance at the 

aforementioned azimuth angles. 

 

Figure 4.29: Instantaneous 𝐶𝑝 at 1° Chimney Divergence 
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the rear side of the returning blade of the HIns may have caused a slightly larger 

pressure difference between the convex and concave of the returning blade, which may 

have contributed to a lower negative torque generation in the HIns than the VIns. This 

may have improved the total torque produced in the HIns than the VIns. 

  

 

 

 

 
Vertical Installation Horizontal Installation 

Figure 4.30: 1° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 0° 

4.5.4 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟒𝟓°  

Figure 4.31 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at an azimuth angle of 45°. From the velocity profiles, the HIns is observed to 

generate a stronger lift region than the VIns. The pressure profiles show that a lower 

pressure region is formed on the rear top of the advancing blade (Coanda effect flow) 

of the HIns compared to the VIns. Furthermore, a significantly larger pressure 
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difference between the concave and convex sides of the advancing blade suggests that 

a larger lift and drag force are experienced by the HIns than the VIns.  
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Figure 4.31: 1 Degree Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 45° 

The drag experienced by the HIns may also be higher than VIns due to the lower-

pressure wake region formation observed at the posterior side of the returning blade. 

Although a larger pressure difference between the convex and concave sides of the 

returning blade is noticed in the HIns than the VIns leading to higher negative torque, 

the lift and drag force experienced by the advancing blade in the HIns may have been 

sufficient to overcome the effects of the negative torque at this azimuth angle, thus 

producing a higher total torque generation. These effects may have been the 

contribution of the non-uniform velocity profile that aids the torque generation in the 

HIns. 
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4.5.5 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟗𝟎°  

Figure 4.32 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at a blade azimuth angle of 90°. Similar velocity profiles are observed between 

the HIns and  VIns, with the HIns having slightly stronger tip vortices than the VIns. The 

low-pressure tip wake region at the HIns advancing blade contributes to the strong 

formation of tip vortices seen in the velocity profile compared to the VIns, which 

promotes a slightly greater lift production in the HIns. However, a slightly lower 

pressure region is observed at the convex of the returning blade in VIns compared to 

HIns, decreasing the negative torque generation. The lower negative torque generation 

in the VIns, may have aided in producing a similar overall torque production as the 

HIns. 
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Figure 4.32: 1° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 90° 
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4.5.6 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟏𝟑𝟓°  

Figure 4.33 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at a blade azimuth angle of 135°. Both the velocity profiles exhibit similar 

velocity flow patterns, with the HIns producing slightly greater tip vortices than the 

VIns. The pressure profiles suggest that a larger low-pressure wake region is formed at 

the tip of the advancing blade of the HIns, resulting in slightly stronger tip vortices than 

the VIns.  
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Figure 4.33: 1 Degree Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 135° 

Furthermore, the significantly lower pressure region developed at the rear side (mid-

section) of the returning blade in the HIns suggests a greater lift and drag formation, 

which contributes to the larger torque generation than the VIns. Moreover, the HIns 
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benefits from the higher magnitude of velocity from the non-uniform velocity profile, 

as observed at the overlap region of the blade profile, where a pressure region lower 

than the VIns is formed.  

As a result, a larger pressure difference is developed between the concave and convex 

sides of the advancing blade, which may have contributed to the slightly larger torque 

generation in the HIns than the VIns. In addition, the returning blade of the VIns 

experiences a larger pressure on the rear side, leading to a higher negative torque 

generation compared to the HIns due to the larger pressure difference between the 

convex and the concave sides. This effect could have been the impact of the uniform 

velocity flow profile experienced by the VIns blades in the configuration. 

Consequently, the contribution of the larger negative torque in the VIns than the HIns 

may have affected the VIns adversely. 

4.6 𝟐° Divergence - Performance Analysis of the Turbine under Vertical 

Installation and Horizontal Installation 

This section presents the results obtained from the analysis of the SSWT at TSR 0.6, 

0.8, 1.0 and 1.2 under the influence of the 2° chimney divergence for the VIns and HIns, 

respectively. The moment coefficient, performance coefficient, and power output of 

the turbine are presented and discussed. The instantaneous moment coefficient and 

performance coefficient for one complete turbine rotation for both configurations are 

compared and studied at TSR 0.8, respectively. The difference between the turbine 

configurations is analysed through the velocity and pressure profiles at TSR 0.8. 

4.6.1 𝐂𝐦, 𝐂𝐩 and Power Output for 𝐕𝐈𝐧𝐬 and 𝐇𝐈𝐧𝐬 at 𝟐° Divergence 

Figure 4.34 presents the moment coefficient of the VIns and HIns for the 2° chimney 

divergence. The highest moment coefficient at TSR 0.8 is obtained by the VIns at 0.49, 

59.18% higher than the HIns, while the lowest moment coefficient at TSR 1.2 obtained 

by VIns at 0.06 is 66.67% higher than HIns. The VIns is observed to perform better than 

the HIns for all TSR values except TSR 1.2. This occurrence opposes the situation in 

the cylindrical chimney (0°) and 1° chimney divergence, where the HIns has a higher 

moment coefficient magnitude than the VIns. Furthermore, the trend of the moment 

coefficient decreasing from a lower TSR to a higher TSR is not applicable in the 
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vertical installation operation. It should be noted that the moment coefficient obtained 

at all TSR values except TSR 0.8 in the VIns experienced unstable operations 

throughout the rotations. The moment coefficient value from one value to another 

varied severely. Thus, the value obtained for the VIns at TSR 0.6, 1.0 and 1.2 was an 

average of the 6th rotation to the 12th rotation.  

The strong velocity magnitude at the free-stream leading to a higher Reynolds number 

may have had a significant effect on the torque generation causing significant 

fluctuations. This may have been due to the vibrations experienced by the rotors at a 

comparatively high Reynolds number. For fluid flow with a high Reynolds number, 

the rotor blades would be subjected to a significant centrifugal force at high turbine 

rotational speeds, where changes in fluid velocity across the blades would result in the 

vibration experienced by the blade (Molland 2008). However, these effects may have 

been minimally experienced at TSR 0.8 for the VIns. This may have been due to the 

wind's attack at the optimally designed TSR range value of the turbine. Nevertheless, 

the magnitude of the moment coefficient experienced at TSR 0.8 for the VIns is still 

lower than that achieved under a 1° chimney divergence by 23.43%. The reduced 

torque generation in VIns may have been a contribution of the greater force experienced 

from the higher wind velocity that equally acts on the returning blade, resulting in a 

larger produced negative torque. Too great of a turbine rotation causes poor spinning 

stability resulting from large centrifugal forces that act on the rotor's root end, causing 

high spinning tension (Lawrence 2010). This situation which happens during yarn 

spinning can be related to the rotation of the turbine rotor at a very high speed, as 

discussed above.  

For the HIns, it is observed that the magnitude of moment coefficient achieved by all 

TSR values were more or less similar, with the highest recorded at TSR 0.6 with a 

value of 0.25, 21.88% lower than VIns, and the lowest recorded at TSR 1.2 with a value 

of 0.10, 66.67% higher than VIns. Although the trendline agrees with previous trends 

of a reducing moment coefficient over increasing TSRs, unlike the VIns, a significant 

variation across the TSRs cannot be noticed. This reflects upon the higher rotational 

speed of the turbine under the influence of a 2° chimney divergence which causes the 

incoming free stream velocity to treat the turbine as a wall surface due to highly 

turbulent air (Ragheb 2014), thus causing it to flow over the rotor rather than attacking 
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the rotor blades. Increasing a rotor’s speed improves the rotor’s spinning capabilities 

up to a certain specific maximum speed that is defined by factors such as the rotor 

diameter. Thus, at 2° chimney divergence, it can be said the rotor’s ability to generate 

power is close to its maximum potential. 

 

Figure 4.34: Coefficient of Moment for the Vertical and Horizontal Installation at 2° 

Chimney Divergence 

Figure 4.35 presents the performance coefficient comparison between the VIns and 

HIns under the influence of the 2° diverging chimney. The performance of the VIns is 
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chimney. The highest performance is obtained by the VIns at TSR 0.8 with a value of 
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performance of the HIns is seen to be almost alike, with the highest performance at 

0.16 for TSR 0.8 and TSR 1.0.  

The findings of Roy and Saha (2015) suggested that the blade profile’s performance 
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the Reynolds number is much higher at 2.82 × 105 than the optimal operating range 

of the turbine at 1.1 ×  105 to 1.3 ×  105 (Roy and Saha 2015).  Moreover, the high 

rotating speed of the rotor results in a wall-like structure, in which the fluid flows over 

the rotor rather than striking the blades, as discussed in the section above. However, 

the VIns shows better performance which may be due to the support of the equal fluid 

flow force on both the advancing and returning blade, thus increasing the negative 

torque of the configuration, which reduces the overall effect of a high incoming 

velocity. Although the VIns 2° achieves reasonably high performance at TSR 0.8, it is 

still 30.77% lower than that obtained under the 1° chimney divergence. However, it is 

still noteworthy because the performance of VIns 2° is 8.89% greater than VIns 0°. 

 

Figure 4.35: Coefficient of Performance for Vertical and Horizontal Installation at 2° 

Chimney Divergence  
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chimney, VIns 0°. Although the potential for power production is present in the VIns 

2°, the significant difference in power output across TSRs and lower stability should 

be considered when choosing this setup. 

The HIns 2° obtained the highest power output at TSR 0.8 with a value of 115.88 W, 

59.18% lower than that achieved by the VIns 2°. The maximum power obtained by the 

HIns 2° is 327.44% higher than HIns 0° but 73.34% lower than HIns 1°. Although the 

rotor generates a significant amount of power, the main problem is the extremely high 

rotating speed in the HIns 2°, which leads to fluctuations in torque generation and low 

air attacks on the rotor blades, thus lowering the turbine's efficiency and power 

augmentation.  

 

Figure 4.36: Power Output for the Vertical and Horizontal Installation at 2° Chimney 

Divergence 
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returning blade generates higher negative torque than positive torque. The negative 

torque generation may be due to the high incoming free stream velocity that flows over 

the turbine's rotating region rather than attacking the advancing blade for torque 

production. The same effects are not observed with VIns which suggests that the 

uniform velocity profile attacking for the advancing and returning blade acts as an aid 

for overall positive torque production. Hence, the total torque generation in VIns is 

shown to be greater than HIns. 

 

Figure 4.37: Instantaneous 𝐶𝑚 at 2° Chimney Divergence  

Figure 4.38 presents the instantaneous performance coefficient of the VIns and HIns at 

2° chimney divergence. The VIns exhibits a higher performance with a greater 

amplitude compared to the HIns. Moreover, the HIns generates negative performance 

at azimuth angles 110 degrees to 140 degrees and 290 degrees to 330 degrees, unlike 

the VIns. Based on Figure 4.37, the negative torque generation at these angles may have 

resulted in negative performance in the blade’s configuration, HIns. Moreover, the 

positive performance at every angle of blade rotation in the VIns suggests that the 

uniform flow attack on both the blades aid the rotor performance at 2° chimney 

divergence. Hence, these effects may have caused the VIns to perform better compared 

to the HIns with a higher incoming free stream velocity. 
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Figure 4.38: Instantaneous 𝐶𝑝 at 2° Chimney Divergence 

4.6.3 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟎°  

Figure 4.39 presents the velocity and pressure profiles of the SSWT under the VIns and 
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This effect may be due to the fluid flow that channels over the rotating region. 

Consequently, the returning blade generates a large negative torque due to the large 

pressure difference between the concave and convex sides. Moreover, the absence of 

the Coanda effect on the advancing blade suggests that minimal positive torque is 

generated, hence reducing the total torque production and performance of the HIns. 
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Figure 4.39: 2° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 0° 

4.6.4 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟒𝟓°  

Figure 4.40 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at a blade azimuth angle of 45°. Similar to azimuth angle 0°, the VIns experiences 

a large lift generation at the rear side of the advancing blade. From the pressure 

profiles, the VIns shows a low-pressure region on the rear side of the advancing blade, 

which generates the lift effect observed in the velocity profile. Furthermore, the low-

pressure development in the overlap region of the blades and rear of the advancing 

blade increases the lift and drag in the VIns configuration. 
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Figure 4.40: 2 Degree Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 45° 

In contrast, the HIns experiences a high-velocity formation over the rotational area of 

the rotor with limited air attack on the blade itself. In the HIns, a low-pressure region 

is developed on the rear of the advancing blade, which causes a lift and drag effect on 

the blade. Since the pressure difference between the convex and the concave of the 

advancing blade in the HIns is lower than the VIns, a lower positive torque may have 

been generated. Moreover, the higher pressure on the convex and lower pressure at the 

concave of the returning blade in the HIns result in a larger pressure difference that 

produces higher negative torque than the VIns. These effects may have resulted in the 

VIns generating a higher total torque than the HIns. 

 



108 

 

4.6.5 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟗𝟎°  

Figure 4.41 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at a blade azimuth angle of 90°. The velocity profile illustrates a high vortices 

region at the tip of the advancing blade in the VIns, which aids the lift generation in the 

configuration. However, in the HIns, a small magnitude of velocity is formed on the 

convex of the advancing blade, which generates limited lift. Similar to blade angles at 

0° and 45°, a higher velocity region is formed over the rotating area of the rotor, 

resulting from a very high rotational speed.  
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Figure 4.41: 2 Degree Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 90° 
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In the pressure profile of the VIns, a low-pressure wake region is formed on the tip of 

the advancing blade contributing to the lift generation. Furthermore, a low-pressure 

region is observed at the rear of the advancing blade, causing the blade to experience 

a drag force. The higher lift and drag experienced by the advancing blade in the VIns 

promote a greater positive torque generation.  

In the HIns, similar pressure is encountered on both sides of the advancing blade 

resulting in a poor positive torque generation. In addition, the returning blade in the 

HIns experiences a larger pressure on the convex side and a lower pressure on the 

concave side, causing a high negative torque generation. The higher negative torque 

may have resulted in an overall poor torque generation in the HIns. On the contrary, 

the significant lift and drag force experienced by the advancing blade in the VIns, unlike 

the HIns, may have contributed to a greater overall torque generation. 

4.6.6 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟏𝟑𝟓° 

Figure 4.42 presents the velocity and pressure profiles of the SSWT under the VIns and 

HIns at a blade azimuth angle of 135°. The velocity profile of the VIns exhibits high-

velocity vortices formation at the tip of the advancing blade, which contributes to the 

lift and drag force experienced by the blade. The pressure profile of the VIns shows a 

low-pressure wake region generated at the tip of the advancing blade. The pressure 

difference between the concave and the convex sides may have contributed to the 

positive torque generation.  

The convex side of the returning blade in the VIns experiences a higher pressure, with 

a lower pressure on the concave side. This difference may have increased the negative 

torque experienced at this azimuth angle. However, a lower pressure region on the 

convex midsection of the returning blade promotes a lift generation, which may have 

reduced the adversity of the negative torque in the VIns.  

Similar to the azimuth angles discussed above, a high-velocity region is observed 

flowing over the rotation area of the rotor in HIns due to the high rotational speeds that 

result in a wall-like characteristic towards incoming fluid flow. A poor vortices region 

is observed at the tip of the advancing blade, suggesting minimal lift and drag forces 

aiding the positive torque generation. Correspondingly, the pressure profile of the HIns 

suggests minimal pressure difference between the concave and convex of the 
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advancing blade, thus leading to a poor lift and drag experience of the blade. Moreover, 

the greater pressure on the convex and the lower pressure on the concave of the 

returning blade adversely contributes to the overall torque generation in the HIns.  
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Figure 4.42: 2° Divergence-Velocity and Pressure Profiles for the Vertical and 

Horizontal Installation at ∅ = 135° 
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Table 4.2: Summary of the Moment Coefficient, Performance Coefficient and Power 

Output Values for 0°, 1° and 2° Chimney Divergence 

Div° TSR 
Cm Cp Power 

V H % Diff V H % Diff V H % Diff 

0 

0.6 0.51 0.53 3.92 0.31 0.32 3.23 22.55 23.43 3.90 

0.8 0.45 0.46 2.22 0.36 0.37 2.78 26.52 27.11 2.22 

1.0 0.35 0.36 2.86 0.35 0.36 2.86 25.79 26.52 2.83 

1.2 0.24 0.25 4.17 0.29 0.30 3.45 21.22 22.10 4.15 

1 

0.6 0.69 0.69 0.00 0.41 0.41 0.00 157.50 157.50 0.00 

0.8 0.64 0.66 3.13 0.51 0.53 3.92 194.78 200.87 3.13 

1.0 0.16 0.32 100.00 0.16 0.32 100.00 60.87 121.74 100.00 

1.2 0.08 0.12 50.00 0.10 0.14 40.00 36.52 54.78 50.00 

2 

0.6 0.32 0.25 -21.88 0.19 0.15 -21.05 139.05 108.63 -21.88 

0.8 0.49 0.20 -59.18 0.39 0.16 -58.97 283.89 115.88 -59.18 

1.0 0.25 0.16 -36.00 0.25 0.16 -36.00 181.05 112.98 -37.60 

1.2 0.06 0.10 66.67 0.07 0.12 71.43 52.14 86.91 66.69 

 Where % Diff =
(H−V)

V
× 100  

The Cm, Cp and power output values from the figures discussed in Section 4.4.1, 

Section 4.5.1 and Section 4.6.1 have been summarised in Table 4.2. The highest 

performance is achieved by the HIns 1° while the lowest performance is obtained by 

HIns 2°. The HIns performs better than the VIns except at 2° chimney divergence where 

the performance of the HIns is 58.97% lower than VIns for TSR 0.8. The HIns 2° 

generates lower torque than the VIns 2° for TSR 0.6, 0.8 and 1.2. However, the VIns 2° 

produces a lower torque compared to the HIns 2° at TSR 1.2, which may have been the 

influence of the wall-like structure in the VIns 2° at this TSR. In general, the VIns 1° 

and HIns 1° show a more consistent higher torque generation and performance 

compared to VIns 2° and HIns 2°. Although the VIns 1° and HIns 1° demonstrate a better 

rotor performance, the higher velocity in the VIns 2° and HIns 2° contributes to a higher 

power output since the generated power is directly proportional to the cube of the wind 

speed for a given wind turbine.  
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Table 4.3: Performance Analysis of the SSWT at Increasing Chimney Divergence 

  𝟎° 𝟏° 𝟐° 

Cm 
𝐕𝐈𝐧𝐬 0.45 0.64 0.49 

𝐇𝐈𝐧𝐬 0.46 0.66 0.20 

Cp 
𝐕𝐈𝐧𝐬 0.36 0.51 0.39 

𝐇𝐈𝐧𝐬 0.37 0.53 0.16 

Power (W) 
𝐕𝐈𝐧𝐬 26.52 194.78 283.89 

𝐇𝐈𝐧𝐬 27.11 200.87 115.88 

Table 4.3 presents the performance analysis of the diverging chimneys in comparison 

to the cylindrical chimney. The torque generation, performance and power output for 

the cylindrical chimney demonstrates a slightly better outcome for the HIns 0° than the 

VIns 0°. The increase in chimney divergence by 1° improves the SSWT performance 

for both VIns 1° and HIns 1°. However, at 2° chimney divergence, the performance 

coefficient achieved is lower for the HIns 2°. The maximum power output is obtained 

from the VIns 2°, where the power is enhanced by 10.7 times compared to VIns 0° 

mainly due to the increased velocity. However, the HIns 2° performs adversely 

compared to HIns 0° and HIns 1°, respectively.  

Since the power production is the cube of the wind speed, the HIns 2° manages to 

produce a power output 4.27 times higher than the HIns 0°, but the degraded power 

coefficient compared to the HIns 1° (e.g., 0.30 times lower) results in the HIns 1° to be 

1.73 times higher than the HIns 2°. Meanwhile, at 1° divergence, both VIns 1° and 

HIns 1° show higher stability in performance where the power augmentations 

improved by 7.34 times and 7.41 times (e.g., 634.46% and 640.94%) compared to VIns 

0° and HIns 0°, respectively. Table 4.2 and Table 4.3 suggest that the 1° chimney 

divergence provides a more consistent higher power augmentation for both VIns and 

HIns across all the TSRs compared to the 2° chimney divergence.  

4.7 Performance Analysis of the SSWT Under the Influence of Guide Vanes and 

Shield (GVS) at 𝟎° Divergence 

This section presents the results obtained from the analysis of the SSWT under the 

influence of the guide vanes and shield (GVS) in a cylindrical chimney. The operation 
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of the SSWT with the GVS is investigated at TSR 0.8 for its performance 

characteristics under the conventional vertical axis of operation. The moment 

coefficient, performance coefficient, and power output of the turbine are presented and 

discussed. The instantaneous moment coefficient and performance coefficient for one 

complete turbine rotation for all configurations are compared and studied at TSR 0.8, 

respectively. The velocity and pressure profiles of each GVS angle are compared and 

analysed. The performance enhancement of the SSWT is determined by comparing the 

SSWT with GVS, and SSWT without GVS, where values are obtained from Section 

4.4.1.  

4.7.1 𝐂𝐦, 𝐂𝐩 and Power Output for Guide Vanes and Shield (GVS) at TSR 0.8 

Figure 4.43 presents the coefficient of moment for the SSWT under the influence of 

the GVS in a cylindrical chimney at TSR 0.8. The SSWT was investigated with GVS 

at angles 0°, 22.5° and 45°. The lowest moment coefficient is obtained by GVS at 0° 

with 0.32, while the highest moment coefficient is attained at GVS 45° with 0.55. 

From Table 4.2, the moment coefficient obtained for VIns 0° is 28.89% higher than 

GVS 0° and 13.33% greater than GVS 22.5°. However, the moment coefficient in 

GVS 45° is 22.22% higher than that obtained by the VIns 0°. The enhancement may 

be due to the angle of the guide vane, 45°, which increases the air attack on the 

advancing blade of the SSWT, causing an increase in positive torque generation. 

 

Figure 4.43: Coefficient of Moment of the Guide Vane and Shield for the Vertical 

Installation in a 0° Chimney Divergence at TSR 0.8 
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Figure 4.44 presents the coefficient of performance for the SSWT under the influence 

of the GVS in a cylindrical chimney at TSR 0.8. The performance obtained by GVS 

0° and GVS 22.5° is 28.89% and 13.33% poorer than the VIns 0°. Nevertheless, GVS 

45° improves the performance of the SSWT by 22.22% compared to the VIns 0°. The 

performance enhancement may have been the influence of higher positive torque 

generation that increases the overall torque production in the SSWT.  

Figure 4.44: Coefficient of Performance of the Guide Vane and Shield for the 

Vertical Installation in a 0° Chimney Divergence at TSR 0.8 

 

Figure 4.45: Power Output of the Guide Vane and Shield for the Vertical Installation 

in a 0° Chimney Divergence at TSR 0.8 
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Figure 4.45 presents the power output for the SSWT under the influence of the GVS 

in a cylindrical chimney at TSR 0.8. The power generated by the SSWT in GVS 0° 

and GVS 22.5° is 28.88% and 13.31% lesser than the VIns 0°. Nevertheless, with GVS 

45°, the performance of the SSWT was enhanced by 18.2% compared to VIns 0°. GVS 

45° outperformed GVS 0° and GVS 22.5° by 71.9% and 41.02%, respectively. 

Sections 4.7.3, 4.7.4, 4.7.5 and 4.7.6 discuss the velocity and pressure characteristics 

of the GVS at four different blade azimuth angles. 

4.7.2 Instantaneous 𝐂𝐦 and 𝐂𝐩 for Guide Vanes and Shield (GVS) at TSR 0.8 

Figure 4.46 presents the instantaneous moment coefficient of the SSWT with guide 

vane and shield at TSR 0.8. The SSWT with GVS 45° shows a larger amplitude, 

followed VIns 0°, GVS 22.5° and GVS 0°, respectively. The larger amplitude suggests 

that the torque generation in GVS 45° is the highest while GVS 0° is the lowest. GVS 

45° may have increased the air attack on the advancing blade, hence creating a higher 

torque compared to the VIns 0°. However, at GVS 22.5° and GVS 0°, the lower 

amplitude suggests that the angle of the guide vanes may have promoted blocking 

characteristics that reduced the air attack on the advancing blade, thus reducing the 

torque production. However, all three GVS configurations show lower negative torque 

generation at azimuth angles 110 degrees to 160 degrees and 300 degrees to 350 

degrees compared to VIns 0°. The reduction in negative torque may have been the 

influence of the shield, which suppresses the pressure in the rotating region. The 

pressure suppression may have reduced the pressure on the convex of the advancing 

blade, hence improving the torque production. 

Figure 4.47 presents the instantaneous performance coefficient of the SSWT with 

guide vane and shield at TSR 0.8. The highest performance is achieved by GVS 45° 

with larger amplitude, followed by VIns 0°, GVS 22.5° and GVS 0°. The performance 

achieved by the four different configurations results from the torque production shown 

in Figure 4.46. The performance of VIns 0° at azimuth angles 110 degrees to 160 

degrees and 300 degrees to 350 degrees is lower than GVS 45°, GVS 22.5° and GVS 

0°, which suggests that the presence of the guide vanes and shield improves the 

performance of the rotor. However, at azimuth angles 0 degrees to 80 degrees and 180 

degrees to 270 degrees, the performance of the VIns 0° is better than GVS 22.5° and 

GVS 0°, which suggests that the angle of the guide vane may have demoted the air 
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attack on the advancing blade and reduced the torque generation. Consequently, GVS 

45° may have improved the performance of the rotor compared to VIns 0° due to the 

guide vane angle that increased air attack on the advancing blade, and the shield, which 

suppressed the pressure on the rotor in the rotating region, hence enhancing the total 

torque generation. 

 

Figure 4.46: Instantaneous 𝐶𝑚 for SSWT with Guide Vanes and Shield 

 

Figure 4.47: Instantaneous 𝐶𝑝 for SSWT with Guide Vanes and Shield 

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 30 60 90 120 150 180 210 240 270 300 330 360

C
m

Azimuth Angle°

Instantaneous Cm 
(Guide Vane)

Cm GV 45

Cm GV 22.5

Cm GV 0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 30 60 90 120 150 180 210 240 270 300 330 360

C
p

Azimuth Angle°

Instantaneous Cp 
(Guide Vane)

Cp GV 45



117 

 

4.7.3 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟎°  

Figure 4.48 presents the velocity and vector profiles of the SSWT under the influence 

of the GVS at an azimuth angle of 0°. The highest velocity formation on the advancing 

blade in the GVS 45° compared to GVS 0° and GVS 22.5° may have resulted in a 

stronger lift generation. The vector plots suggest that a greater GVS angle led to a more 

concentrated airflow towards the advancing blade.  

At GVS 0° and GVS 22.5°, the guide vane angle channels the airflow away from the 

turbine blade, thus reducing the air attack on the blade. However, the larger angle of 

GVS 45° diverts a larger volume of airflow towards the advancing blade, thus 

increasing the torque generation by the blade. Moreover, the shield attached with the 

GV retained the flow within the rotating region, promoting the lift generation of the 

advancing blade. Increasing the length of the guide vane may improve the airflow 

diversion towards the turbine blades, which will be kept as future work. 

Figure 4.49 presents the pressure profiles of the SSWT under the influence of the GVS 

at an azimuth angle of 0°. At GVS 22.5° and GVS 45°, a more prominent low-pressure 

region is observed at the rear of the advancing blade compared to GVS 0°, contributing 

to the lift generation. At GVS 22.5°, the rotational region experiences a very high 

pressure (suppressed pressure due to shield effect) with slightly low pressure at the 

rear of the advancing blade, which may have caused a higher pressure difference 

between the concave and convex of the advancing blade leading to a better 

performance than GVS 0°. The same shield effect is present in GVS 45°, promoting 

the returning blade to experience a larger pressure difference between the convex and 

concave sides, leading to lower negative torque generation compared to GVS 0° and 

GVS 22.5°. 

At the tip of the returning blade, a low wake pressure point is formed for all three GVS 

angles. The strongest low-pressure wake point is observed at GVS 45°, which may 

have created a stronger drag and lift force on the returning blade. The weakest low-

pressure wake point is observed at GVS 0° since the pressure difference between the 

convex and concave of the returning blade is not as significant as that of GVS 22.5° 

and GVS 45°, thus leading to a lower drag experience in comparison to the other two 

GVS angles. The larger pressure differential between the concave and convex of the 
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advancing and returning blade of GVS 45° may have promoted a higher lift and drag 

generation than GVS 0° and GVS 22.5°, thus having a higher total torque generation 

and better performance. 

0
° 

 

 

2
2

.5
° 

  

4
5

° 

 
 

 

Deg Velocity Profile Velocity Vector Profile 

Figure 4.48: Comparison of the Velocity and Vector Profiles of the Guide Vane and 

Shield at ∅ = 0° 
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Figure 4.49: Comparison of the Pressure Profiles of the Guide Vanes at ∅ = 0° 

4.7.4 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟒𝟓°  

Figure 4.50 presents the velocity and vector profiles of the SSWT under the influence 

of the GVS at a blade azimuth angle of 45°. The highest lift generation is observed at 

GVS 45° while the lowest at GVS 0°. A strong velocity vortices is observed leaving 

the tip of the returning blade at GVS 45° compared to GVS 0° and GVS 22.5°, which 

suggests that the blade experienced the strongest drag force.  



120 

 

The shield encompassing the fluid flow within the rotating region benefits the 

returning blade by increasing the air attack on the blade. The trapped fluid in the shield 

exerts a force on the concave of returning blade when it flows downwards and 

outwards from the rotating region. Since the entrapped fluid is the highest in GVS 45° 

due to the larger fluid diversion by the 45° guide vane into the rotating region, this 

configuration may have experienced a higher air attack, followed by GVS 22.5° and 

GVS 0°, respectively. The influence of the GVS 45° on the diversion of fluid into the 

rotating region can be observed better in the vector plots, which further suggests a 

higher fluid flow velocity surrounding the advancing blade compared to GVS 22.5° 

and GVS 0°. The angle of GVS 22.5° is demonstrated to be insufficient to divert the 

fluid at an angle that beneficially attacks the advancing blade. Moreover, the velocity 

and vector plots portray that angle GVS 0° not only limits the channelling of the fluid 

towards the advancing blade but, in fact, it inhibits more fluid from accessing the 

rotating region of the blade. Consequently, the higher lift generation and lower 

negative torque production in GVS 45° may have resulted in a higher total positive 

torque generation, thus improving the performance compared to the VIns 0°, GVS 

22.5° and GVS 0°. 

Figure 4.51 presents the pressure profiles of the SSWT under the influence of the GVS 

at a blade azimuth angle of 45°. From the pressure profiles, a low-pressure region is 

observed on the advancing blades in all GVSs, where GVS 45° is at the lowest. The 

largest pressure difference between the concave and convex of the advancing blade is 

experienced with GVS 45°, where the highest lift formation is noticed, followed by 

GVS 22.5° and GVS 0°.  Furthermore, the lowest wake pressure point and the highest 

pressure difference between the convex and concave of the returning blade is observed 

with GVS 45°, thus increasing the drag and lift force experienced compared to GVS 

22.5° and GVS 0°. Although a lower pressure region is observed at the rear of the 

advancing blade in GVS 0°, the pressure plot illustrates that a larger pressure is present 

in the rotating region of the blades in GVS 22.5° due to the effect of the shield and 

guide vane.  

The greater pressure difference between the convex and the concave of the advancing 

blade in GVS 22.5° may have influenced a higher torque generation in GVS 22.5° 

compared to GVS 0°. The lower pressure region at the back (above the GVS) of the 
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GV 22.5° suggests that the fluid may have been diverted away from the rotating 

region, thus reducing the blade's performance in GVS 22.5° compared to GVS 45°.  
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Figure 4.50: Comparison of the Velocity and Vector Profiles of the Guide Vanes at 

∅ = 45° 

At GVS 45°, the guide vane allows a higher fluid flow into the rotating region that is 

suppressed by the shield. The fluid flow suppression results in a lower pressure region 
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at the convex side of the advancing blade, increasing the pressure difference between 

the concave and convex, thus promoting a higher positive torque generation than GVS 

22.5° and GVS 0°.  
0

° 

 

 

2
2

.5
° 

  

4
5

° 

 

 

 

Deg Pressure Profile Pressure Profile with GVS 

Figure 4.51: Comparison of the Pressure Profiles of the Guide Vanes at ∅ = 45° 

In addition, the suppressed pressure region (due to the shield) also caused a low-

pressure region experienced by the convex tip area of the returning blade, generating 

lift and drag, which may have reduced the negative torque produced in GVS 45°. The 

highest overall drag and lift force experienced due to the higher difference in pressure 

between the convex and concave in GVS 45° may have contributed to better 

performance compared to the VIns 0°, GVS 22.5° and GVS 0°. 
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4.7.5 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟗𝟎°  

Figure 4.52 presents the velocity and vector profiles of the SSWT under the influence 

of the GVS at a blade azimuth angle of 90°. The highest tip vortices are observed to 

be experienced by the advancing blade in GVS 45° followed by GVS 22.5° and GVS 

0°, thus aiding the lift formation of the blade. Moreover, the velocity formation at the 

rear of the advancing blade is the largest in GVS 45° followed by GVS 22.5° and GVS 

0°, which may have improved the drag and lift formation of GVS 45° compared to 

GVS 22.5° and GVS 0°.  
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Figure 4.52: Comparison of the Velocity and Vector Profiles of the Guide Vanes at 

∅ = 90° 
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The GVS 0° and GVS 22.5° angles adversely affect the drag and lift formation, as the 

angle of the GV inhibits fluid flow into the rotating region for GVS 0°, and reduces 

fluid flow attack on the blade in GVS 22.5°. The fluid recirculation behind the GV 

(above GVS) in GVS 22.5° promotes the incoming fluid to flow over the guide vane 

and away from the rotating region in GVS 22.5°. Thus, this possibly cause a lower 

fluid volume attack on the advancing blade in GVS 22.5°, leading to a lower positive 

torque generation. In the GVS 0°, recirculation of the fluid is absent. However, the 

angle of the GV blocks a higher fluid flow into the turbine region, which may have 

caused a lower torque generation due to lower air attacks on the turbine blades.  

The angle of the GV in GVS 45° benefits the positive torque generation as a greater 

fluid volume is channelled towards the advancing blade. As such, the adverse 

recirculation effect behind the GV in GVS 45° on the turbine blade's performance is 

less prominent than that in GVS 22.5°. The formation of higher lift and drag on the 

advancing blade in GVS 45° may have improved the overall torque generation 

compared to VIns 0°, GVS 22.5° and GVS 0°. 

Figure 4.53 presents the pressure profiles of the SSWT under the influence of the GVS 

at an azimuth angle of 90°. The lowest wake pressure point is observed with GVS 45°, 

followed by GVS 22.5° and GVS 0°, which contributes to the lift generation of the 

advancing blade. Moreover, the lower pressure region formation at the rear of the 

advancing blade with GVS 45° being the lowest improves the drag experienced by the 

advancing blade. The high-pressure difference between the convex and concave sides 

experienced by the advancing blade in GVS 45° may have resulted from a higher fluid 

concentration towards the blade than GVS 22.5° and GVS 0°, which may have 

improved the positive torque generation in the configuration.  

The shield’s effect on the blades in GVS 0° is minimal as limited fluid flow is diverted 

into the rotating region. As a result, the pressure difference between the concave and 

the convex of the advancing blade is lower than GVS 22.5° and GVS 45°. In GVS 

22.5°, a higher pressure difference is observed between the concave and convex of the 

advancing blade that may have improved the performance of the blades compared to 

GVS 0°. However, the lower pressure region above the shield suggests that more fluid 

flows to the outer region away from the turbine blades, which may have resulted in a 

lower positive torque generation in GVS 22.5° compared to GVS 45°.  
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The increased fluid flow into the rotating region in GVS 45° promotes a better air 

attack on the advancing blade than GVS 22.5° and GVS 0°, which is observed through 

the lower pressure region on the convex of the advancing blade. The suppressed 

pressure within the shield in GVS 45° enhances the drag and lift effect experienced by 

the advancing blade, unlike the blades in GVS 22.5° and GVS 0°. Also, the fluid flow 

channelled out of the shield at a higher velocity (refer to vector plot in Figure 4.52) 

results in a low-pressure region at the rear of the returning blade. The low-pressure 

region improves the drag formation at the convex of the returning blade, which reduces 

the negative torque generated. 
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Figure 4.53: Comparison of the Pressure Profiles of the Guide Vanes at ∅ = 90° 
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In addition, the higher fluid flow attacking the concave of the advancing blade creates 

a lower pressure region on the concave of the returning blade (due to fluid flow through 

the overlap gap). This effect, specifically in the overlap gap of the SSWT with GVS 

45°, is not prominently seen with GVS 22.5° and GVS 0°. The higher pressure 

difference between the concave and convex of the returning blade creates a higher drag 

experienced by the SSWT with GVS 45°, thus reducing the impact of the negative 

torque generated, contributing to the improved performance of the turbine compared 

to VIns 0°, GVS 22.5° and GVS 0°. 

4.7.6 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟏𝟑𝟓° 

Figure 4.54 presents the velocity and vector profiles of the SSWT under the influence 

of the GVS at a blade azimuth angle of 135°. At GVS 45°, the angle of the GV 

promotes the fluid to flow concentratedly towards the advancing blade compared to 

GVS 22.5° and GVS 0°, thus causing higher positive torque generation, followed by 

GVS 22.5° and GVS 0°. The trapped fluid flow in the GVS is forced to exit at the 

shield end, which causes a higher air attack on the concaves of the advancing blade. 

Since the fluid volume directed towards the advancing blade is the highest in GVS 45° 

compared to GVS 22.5° and GVS 0°, the highest tip vortices is formed in this 

configuration. 

On the contrary, the channelled fluid flow in GVS 45° also increases the air attack on 

the convex of the returning blade. The fluid flow attacking the convex of the blade 

increases the negative torque experienced by the GVS 45° compared to that in GVS 

22.5° and GVS 0°. This effect observed in GVS 22.5° and GVS 0° is less prominent 

than that in GVS 45°, which may have caused the GVS 45° to produce a lower overall 

torque. Nevertheless, the implementation of GVS 45° still performs better than VIns 0°, 

which may be the contribution of the higher positive torque generation by the 

advancing blade.  

In GVS 0°, the GVS characteristic causes a blockage effect that inhibits the fluid from 

flowing freely into the turbine region. Due to the zero degree angle, the fluid flow does 

not accelerate towards the advancing blade, thus reducing the positive torque 

generation. However, in the presence of the shield, the flow is retained within the 
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rotating region in GVS 0°, causing a lift and drag formation on the advancing blade. 

This effect may have aided GVS 0° in a higher positive torque generation than VIns 0°.    
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Figure 4.54: Comparison of the Velocity and Vector Profiles of the Guide Vanes at 

∅ = 135° 

In GVS 22.5°, the angle of the GV channels the fluid towards the advancing blade, 

with which lift and drag are experienced. However, fluid is diverted upwards and away 

from the advancing blade, which may have inhibited a higher positive torque 

generation. Nevertheless, since the angle of GVS 22.5° reduces the fluid’s impact on 

the returning blade, lesser negative torque may have been generated compared to GVS 

45°and VIns 0°.  Moreover, the higher positive torque production and lower negative 
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torque generation compared to VIns 0°, GVS 0° and GVS 45° may have caused it to 

have the highest overall torque generation and performance at this azimuth angle.   

Figure 4.55 presents the pressure profiles of the SSWT under the influence of the GVS 

at a blade azimuth angle of 135°. The lowest wake pressure point is identified at GVS 

45°, where the highest lift is generated, followed by GVS 22.5° and GVS 0°. 

Moreover, the advancing blade with GVS 45° experiences the highest pressure 

difference between the concave and convex of the blade, which may have resulted in 

increased drag and lift force compared to GVS 22.5° and GVS 0°.  
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Figure 4.55: Comparison of the Pressure Profiles of the Guide Vanes at ∅ = 135° 
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However, the accelerated fluid flow towards the convex of the returning blade (due to 

the GV angle) creates a high-pressure region that adversely affects the returning blade 

in GVS 45° compared to GVS 22.5° and GVS 0°. This effect is not as prominent in 

GVS 22.5° and GVS 0°, thus resulting in a lower negative torque generation by the 

returning blade compared to GVS 45°. Nevertheless, due to the pressure suppression 

by the shield on the advancing blade in GVS 45°, a higher positive torque may have 

been generated by the advancing blade, thus allowing a higher total torque generation 

than VIns 0°. 

The low-pressure region above the shield in GVS 22.5°, as discussed in previous 

sections, may have caused more fluid to be diverted upwards and away from the 

rotating region of the blade. The lower fluid volume in the rotating region in GVS 

22.5° may have reduced the pressure difference between the concave and convex of 

the advancing blade compared to GVS 45°. However, the low-pressure wake point 

suggests that adequate lift and drag are generated to overcome the adverse effects of 

the negative torque in GVS 22.5°, causing it to perform better than GVS 0° and VIns 0°. 

Moreover, the angle of the GV in GVS 22.5° causes a lower adverse fluid attack on 

the convex of the returning blade that may have resulted in a lower pressure region 

compared to GVS 45°. This effect may have reduced the generated negative torque 

compared to GVS 45°, thus allowing it to generate a higher total torque production 

than GVS 45°, GVS 0° and VIns 0°. 

Table 4.4: Summary of the Moment Coefficient, Performance Coefficient and Power 

Output Values for Guide Vanes 

Vertical Installation with Guide Vanes and Shield (GVS) 

Div ° Angle ° 𝐶𝑚 𝐶𝑝 Power 

% 

Difference 

(VIns) 

0 0 0.32 0.26 18.86 -28.89 

0 22.5 0.39 0.31 22.99 -13.33% 

0 45 0.55 0.44 32.42 22.22% 

Table 4.4 summarises the moment coefficient, performance coefficient and power 

output obtained from the GVS investigation. GVS 0° and GVS 22.5° suggest that the 
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performance of the SSWT reduces with these configurations compared to VIns 0° by 

13.33% and 22.22%, respectively. The comparison with the VIns 0° suggests that the 

best performing GVS is the GVS 45°, where the performance of the SSWT is enhanced 

by 22.22%. This study's findings portray a similar outcome as previous studies, where 

the addition of guide vanes upstream of the advancing blade is suggested to increase 

the positive torque generation (Kailash, Eldho and Prabhu 2012; El-Askary et al. 

2015). The addition of the shield, which suppresses the pressure on the convex of the 

advancing blade, leading to the improvement of the blade performance, has also been 

highlighted in previous literature (Emmanuel and Jun 2011). 

4.8 Performance Analysis of the SSWT Under the Influence of a Deflector at 𝟎° 

Divergence 

This section presents the results obtained from the analysis of the SSWT under the 

influence of a deflector in a cylindrical chimney. The operation of the SSWT with the 

deflector was investigated at TSR 0.8 for its performance characteristics under the 

conventional vertical axis of operation. The moment coefficient, performance 

coefficient, and power output of the turbine are presented and discussed. The 

instantaneous moment coefficient and performance coefficient for one complete 

turbine rotation for all configurations are compared and studied at TSR 0.8, 

respectively. The velocity and pressure profiles of each deflector angle are compared 

and analysed. The performance enhancement of the SSWT is determined by 

comparing the SSWT with deflector and SSWT without deflector, obtained from 

Section 4.4.1.  

4.8.1 𝐂𝐦, 𝐂𝐩 and Power Output for the SSWT with Deflector at TSR 0.8 

Figure 4.56 presents the moment coefficient for the SSWT under the influence of a 

deflector in a cylindrical chimney at TSR 0.8. At Def 140° and Def 145°, the moment 

coefficient is observed to be similar. However, at Def 150°, the moment coefficient 

significantly increases by 33.33% and 29.72% compared to Def 140° and Def 145°, 

respectively. In comparison to VIns 0°, Def 140° and Def 145° reduce the moment 

coefficient of the SSWT by 20% and 17.78%, respectively. However, Def 150° 

improves the moment coefficient of the SSWT by 6.67% compared to VIns 0°. 
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Figure 4.57 presents the coefficient of performance for the SSWT under the influence 

of a deflector in a cylindrical chimney at TSR 0.8. The performance of the SSWT is 

degraded under the influence of Def 140° and Def 145° compared to VIns 0° by 20% 

and 17.78%, respectively. Def 145° may have had a lower performance due to a fluid 

swirl flow that impacts the advancing blade due to the angle and the distance of the 

deflector from the rotating region. It is suggested that reducing the distance between 

the deflector and the rotating region may significantly aid the SSWT in minimising the 

negative torque experienced. In the current configuration, the performance of the 

SSWT with Def 140° and Def 145° reflects a similar performance under TSR 1.2 for 

the VIns 0°. 

 

Figure 4.56: Coefficient of Moment of the Deflectors for the Vertical Installation in a 

0° Chimney Divergence at TSR 0.8 

Nevertheless, at Def 150°, the performance of the SSWT improves by 6.67% 

compared to the VIns 0°. The results obtained from this work agrees with previous 

studies where the usage of deflectors improves the performance coefficient of the 

SSWT, which will be discussed further at the end of this subsection.  

Figure 4.58 presents the power output of the SSWT under the influence of a deflector 

in a cylindrical chimney at TSR 0.8. The power output obtained by the SSWT under 

Def 140° and Def 145° were similar at 21.22W and 21.81W, which is 20% and 

17.78% lower than VIns 0°, respectively. The power augmentation of the SSWT 

boosted to 28.29W, which is 6.67% higher than the VIns 0°. Section 4.8.3, 4.8.4, 4.8.5 
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and 4.8.6 discuss the velocity and pressure characteristics of the deflector at four 

different blade angles. 

 

Figure 4.57: Coefficient of Performance of the Deflectors for the Vertical Installation 

in a 0° Chimney Divergence at TSR 0.8 

 

Figure 4.58: Power Output of the Deflectors for the Vertical Installation in a 0° 

Chimney Divergence at TSR 0.8 

4.8.2 Instantaneous 𝐂𝐦 and 𝐂𝐩 for SSWT with Deflector at TSR 0.8 

Figure 4.59 presents the instantaneous moment coefficient of the SSWT with deflector 
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having produced the largest torque generation, followed by VIns 0°, Def 145° and Def 

140°. Def 145° and Def 140° show similar torque generations, with Def 145° 

producing a slightly higher positive torque. This result may be due to the angle of Def 

145°, which redirects the flow towards the advancing blade better than Def 140°. The 

highest peak in Def 150° suggests that the redirection of flow towards the advancing 

blade is at a better angle of attack for the blade, hence resulting in a larger torque 

generation than VIns 0°, Def 145° and Def 140°. However, the negative torque 

generation by all deflectors suggests that the fluid’s attack is not optimally close to the 

blade, thus causing a swirl flow which may have negatively impacted the returning 

blade at certain azimuth angles. Nevertheless, the highest torque generation in Def 

150°, suggests that the positive torque produced in this configuration is sufficient to 

overcome the negative torque produced compared to VIns 0°, Def 145° and Def 140°. 

Figure 4.60 presents the instantaneous performance coefficient of the SSWT with 

deflector at TSR 0.8. The highest performance is achieved with Def 150°, with the 

largest amplitude, while the lowest performance is achieved with Def 140°, with the 

smallest amplitude. The highest and lowest performance reflects the highest and lowest 

torque generation experienced by the SSWT with Def 150° and Def 140°, 

respectively, as observed from Figure 4.59. The angle of Def 150° may have positively 

impacted the advancing rotor with increased air attack, hence improving the torque 

generation compared to VIns 0°, Def 145° and Def 140°. However, unlike VIns 0°, Def 

145° and Def 140° experience negative performance at azimuth angles 110 degrees 

to 150 degrees and 300 degrees to 340 degrees, while Def 150° at azimuth angles 130 

degrees to 150 degrees and 330 degrees to 350 degrees, respectively. The deflector 

installed at the returning blade functions to reduce the impact of the negative torque 

generation. However, the negative torque generation (as shown in Figure 4.60) 

suggests that the positioning of the deflector may not have been close enough to the 

returning blade, thus resulting in a swirl fluid flow that negatively impacted the 

returning blade at certain azimuth angles. However, since the Def 150° has an 

improved redirection of fluid to the advancing blade, it may have promoted a higher 

positive torque generation that counters the impact of the negative torque (lesser than 

Def 145° and Def 140°), hence resulting in an overall higher positive torque compared 

to VIns 0°, Def 145° and Def 140°. 
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Figure 4.59: Instantaneous 𝐶𝑚 for SSWT with Deflector 

 

Figure 4.60: Instantaneous 𝐶𝑝 for SSWT with Deflector 

4.8.3 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟎°  

Figure 4.61 presents the velocity profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 0°. The lift generation is more prominently seen with 
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Def 145° and Def 150° compared to Def 140°. The Def 140° angle accelerates the 

fluid to a region above the advancing blade, thus reducing the lift generation.  

At Def 145°, the deflector accelerates the fluid to a region that attacks the curvature 

(convex) side of the advancing blade, redirecting the fluid flow downwards (since it 

hits the edge of the advancing blade) but still enabling the blade to generate lift (due 

to the Coanda effect). At Def 150°, the deflector channels the fluid towards the tip of 

the advancing blade. Hence, lesser fluid is redirected downwards by the blade tip with 

Def 150°. The generated lift by Def 150° is observed to be minutely lesser than Def 

145°, which may have been due to the angle of fluid flow redirection. 

Figure 4.62 presents the pressure profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 0°. A lower pressure region formation is observed at 

the rear of the advancing blade for all deflector angles. At Def 140°, a very poor low-

pressure region is observed at the convex of the advancing blade compared to Def 

145° and Def 150°. Although Def 145° is seen to create a lower pressure region, upon 

closer analysis, a much lower pressure region is observed on the rear of the advancing 

blade with Def 150°, which may have improved the lift generation compared to that 

of Def 145°.  

Moreover, the swirl velocity flow in Def 145° may have caused a higher pressure 

region at the edge of the advancing blade. The impact of the higher pressure may have 

reduced the positive torque generated, hence resulting in an overall lower torque 

generated in Def 145° compared to Def 150°. 

With the accelerated fluid directed towards the curvature (convex) of the advancing 

blade in Def 140° and Def 145°, a higher pressure region formation is observed at the 

tip area of the advancing blade of Def 140°, followed by Def 145° compared to Def 

150°. This may have reduced the positive effect of the lift force on the advancing 

blade, especially in Def 145°, thus causing the Def 150° blade to have a better torque 

generation. 

In addition, the low-pressure wake point present at the Def 150° returning blade may 

have increased the pressure difference between the convex and the concave sides of 

the returning blade compared to Def 140° and Def 145°, which may have reduced the 
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impact of the negative torque generation in Def 150°. These effects may have caused 

the blade profile in  Def 150° to perform better than the Def 145° and Def 140°. 
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Figure 4.61: Comparison of the Velocity and Vector Profiles of the SSWT with 

Deflectors at ∅ = 0° 
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Figure 4.62: Comparison of the Pressure Profiles of the SSWT with Deflectors at 

∅ = 0° 

4.8.4 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟒𝟓°  

Figure 4.63 presents the velocity profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 45°. At all deflector angles, a prominent lift 

generation on the advancing blade is observed. However, at Def 140°, a medium-

ranged velocity region is observed attacking the returning blade, which may have 

contributed to the negative torque generation in the profile.  
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At Def 145°, a medium-ranged velocity region is observed at the concave of the 

returning blade, which reduces the negative torque generation. However, the medium-

ranged velocity attacking the returning blade on the convex side of Def 145° may have 

reduced the positive effect of the concave side, thus performing poorer than Def 150° 

but better than Def 140°. At Def 150°, the medium ranged velocity region formed on 

the concave of the returning blade reduces the negative torque produced, which may 

have caused it to perform better than the Def 145° and Def 140°. 

Figure 4.64 presents the pressure profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 45°. A low-pressure region formation is observed on 

the rear side of the advancing blade for all deflector angles, with Def 145° being the 

highest, followed by Def 150° and Def 140°. This effect may be the 145° angle effect 

that accelerates the fluid towards the concave side of the advancing blade, thus 

generating a higher pressure region compared to Def 150° and Def 140°.  

The highest pressure difference between the concave and convex sides of the 

advancing blade is observed with Def 145°, followed by Def 150° and Def 140°. 

However, with regards to the returning blade, the highest pressure generated at the 

convex of the blade is observed at Def 145°, followed by Def 150° and Def 140°. 

This effect may be due to the deflector angle that directs the flow to the midsection of 

the returning blade in Def 145°. 

As a result, the higher pressure on the rear of the returning blade may have generated 

a larger negative torque with Def 145° than Def 150°, thus resulting in a better 

performance in Def 150°. Although the pressure difference at the returning blade of 

the Def 140° may be higher than Def 145°, the lower positive torque generation of the 

advancing blade may not have been enough to improve the overall blade performance 

in Def 140°. 
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Figure 4.63: Comparison of the Velocity and Vector Profiles of the SSWT with 

Deflectors at ∅ = 45° 
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Figure 4.64: Comparison of the Pressure Profiles of the SSWT with Deflectors at 

∅ = 45° 

4.8.5 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟗𝟎°  

Figure 4.65 presents the velocity profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 90°. For all deflector angles, tip vortices are 

generated at the tip of the advancing blades, with Def 150° being the highest, followed 

by Def 145° and Def 140°. This effect may be due to a higher acceleration of fluid 

directed towards the advancing blade with Def 150°. The higher fluid flow redirected 
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to the concave of the advancing blade then flows through the blade's overlap region, 

contributing to the positive torque generation, especially in Def 150°.  
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Figure 4.65: Comparison of the Velocity and Vector Profiles of the SSWT with 

Deflectors at ∅ = 90° 

Although a similar flow between the overlap gap of the blades in Def 140° can be 

observed, the higher tip vortices generated in Def 150° compared to Def 140° may 

have increased the positive torque production by the blade profile. The swirl-like 
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velocity flow in Def 145° may have adversely impacted the returning blade, hence 

resulting in a higher negative torque production compared to Def 140° and Def 150°. 

The adverse impact experienced by Def 145° may have lowered the overall torque 

production compared to Def 140° and Def 150°. 
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Figure 4.66: Comparison of the Pressure Profiles of the SSWT with Deflectors at 

∅ = 90° 
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Figure 4.66 presents the pressure profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 90°. The lowest wake pressure point at the tip of the 

advancing blade is observed at Def 150°, followed by Def 145° and Def 140°. The 

rear side of the advancing blade with Def 150° shows the lowest pressure region 

compared to Def 145° and Def 140°. In turn, the pressure difference between the 

concave and the convex of the advancing blade in Def 150° is the highest, followed 

by Def 145° and Def 140°. This effect may have caused a higher lift and drag 

experienced by the advancing blade of Def 150° compared to Def 145° and Def 140°, 

consequently producing a greater positive torque generation and improving the overall 

performance of the configuration. On the other hand, a higher pressure region is 

observed on the returning blade of Def 145°, which may have been the negative impact 

of the swirl-like fluid flow. The higher pressure on the convex suggests that the 

negative torque generated by the returning blade of Def 145° is higher than Def 140° 

and Def 150°, which may have resulted in the lowest torque generation at this azimuth 

angle.  

4.8.6 Velocity-Pressure Profiles at TSR 0.8 for Azimuth Angle, ∅ = 𝟏𝟑𝟓°  

Figure 4.67 presents the velocity profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 135°. The SSWT with Def 145° benefits from this 

angle, where strong tip vortices at the tip of the advancing blade and commendable 

drag generation at the convex of the returning blade contributes to higher positive 

torque and lower negative torque generation compared to Def 140° and Def 150°. This 

effect may be due to the reduced impact of the fluid on the returning blade, due to the 

deflector’s function, while redirecting the fluid flow to the advancing blade in Def 

145°.  

At Def 150°, lift formation can be observed at the rear midsection of the returning 

blade and drag at the rear tip (due to the deflector). However, since the angle of fluid 

deflection is lower in Def 150°, more fluid is directed to the midsection of the 

returning blade, thus creating a lower drag and lift formation compared to Def 145°. 

In Def 140°, the fluid is deflected higher away from the advancing blade area, thus 

resulting in lower tip vortices, even at the tip of the advancing blade. Nevertheless, a 

lower fluid impact is observed on the convex of the returning blade in Def 140°, which 
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may have reduced the negative torque generation and resulted in a better overall torque 

generation compared to Def 150°. 

Figure 4.68 presents the pressure profiles of the SSWT under the influence of the 

deflectors at an azimuth angle of 135°. The lowest wake pressure region is observed 

at the tip of the advancing blade at Def 150°, followed by Def 145° and Def 140°.  
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Figure 4.67: Comparison of the Velocity and Vector Profiles of the Deflectors at ∅ =

135° 
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The pressure difference between the concave and convex of the advancing blade in 

Def 150° is higher than Def 145° and Def 140°, thus creating a greater drag and lift 

force experience. However, the rear tip of the returning blade with Def 145° generated 

a lower pressure region than that of Def 150° and Def 140°, thus significantly reducing 

the negative torque generation experienced by the blade with an increased drag 

operation. 
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Figure 4.68: Comparison of the Pressure Profiles of the Deflectors at ∅ = 135° 

At Def 150°, the overlap region between the blades experiences low pressure, which 

may have contributed to a better positive torque formation compared to Def 145°. 
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However, a commendable amount of negative torque reduction is observed in Def 

145° through the low-pressure region on the convex of the returning blade compared 

to Def 140° and Def 150°. Consequently, Def 145° may have experienced a higher 

overall torque generation, thus contributing to a better performance than Def 140° and 

Def 150°. 

As for Def 140°, the angle deflects the fluid away from the advancing blade, which 

may have reduced the overall lift and drag experienced by the blade, thus resulting in 

poor performance compared to Def 145° and Def 150°. However, the fluid impacting 

the convex of the returning blade may have created a higher pressure region with Def 

150° compared to Def 140° and Def 145°. The adverse effect of the fluid’s impact on 

the returning blade in Def 150° may have significantly increased the negative torque 

generation, thus resulting in the lowest total torque production compared to Def 140° 

and Def 145° at this azimuth angle.  

Table 4.5: Summary of the Moment Coefficient, Performance Coefficient and Power 

Output Values for Deflectors 

Vertical Installation with Deflectors 

Div ° Angle ° 𝐶𝑚 𝐶𝑝 Power 

% 

Difference 

(VIns 0°) 

0 140 0.36 0.29 21.22 -20.00 

0 145 0.37 0.30 21.81 -17.78% 

0 150 0.48 0.38 28.29 6.67% 

Table 4.5 summarises the moment coefficient, performance coefficient and power 

output of the SSWT under the influence of a deflector. From the tabulated values, Def 

140° and Def 145° reduce the performance of the SSWT. The best performing 

deflector is Def 150°, where the performance of the SSWT is enhanced by 6.67% 

compared to VIns 0°. The deflector, which functioned both as a guide vane and a 

deflector, may have contributed to the enhancement of the SSWT with Def 150°. The 

results from this work agree with previous studies, which suggests the positive 

influence of the deflector in reducing the negative torque in the SSWT, thus increasing 

the performance of the SSWT (Mohamed et al. 2010; Kailash, Eldho and Prabhu 2012; 

Golecha, Eldho and Prabhu 2011; OGAWA and YOSHIDA 1986; Huda et al. 1992). 
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4.9 Summary of Chapter 4 

In this chapter, the results for the SSWT performance in the SCPP’s collector region 

were presented, where the HIns 0° has shown better torque generation, performance 

and power output than VIns 0°. The effects of chimney divergence on the fluid flow 

characteristics were analysed. The fluid velocity was enhanced with increasing 

chimney divergence up to 2°. The SSWT’s performance improved with HIns 1° 

compared to VIns 1°. However, at 2° chimney divergence, the VIns 2° outperformed 

HIns 2°. With the addition of guide vane and shield to the SSWT, the GVS 45° 

performed better than VIns 0°, GVS 22.5° and GVS 0°. Under the influence of the 

deflector, the Def 150° performed better than VIns 0°, Def 145° and Def 140°.
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CHAPTER 5 

CONCLUSION 

5.0 Main Conclusion 

In conclusion, there is good potential for the operation of the Savonius in the collector 

region of the SCPP. The Savonius being advantageous through its low cut-in wind 

speeds and multidirectional operation benefits the power generation in the SCPP. The 

objectives proposed in this work were achieved. Listed below are the summarised 

findings in accordance with each objective studied. 

(Objective 1) 

1. The SSWT in the VIns was able to achieve a performance of 0.36 with a power 

output of 26.52 W at a tip speed ratio of 0.8. 

2. The SSWT in the HIns presented an improved performance by 2.78% compared 

to the VIns which may have been the influence of the non-distributed buoyant 

fluid flow.  

(Objective 2) 

3. The chimney with 1° divergence enhanced the fluid flow velocity by 72.84% 

but reduced the temperature rise in the collector region by 21.95%. The 

increase in fluid flow velocity resulting from the increased pressure differential 

in the SCPP was due to a larger outlet than the cylindrical chimney. 

4. The chimney with 2° divergence enhanced the fluid flow velocity by 114.21% 

but reduced the temperature rise in the collector region by 24%. The pressure 

differential increased further with a larger outlet, leading to an increased fluid 

flow velocity compared to 1° chimney divergence. 

5. The performance of the VIns in a 1° divergent chimney improved by 41.67%, 

while the power output enhanced by 634.46% compared to the VIns 0° due to 

the increased velocity in the diverging chimney. The significant increment in 

the power output compared to the power coefficient is the influence of the 

cubed fluid flow velocity in the power output formula.  
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6. The performance of the HIns in a 1° divergent chimney improved by 43.24%, 

while the power output enhanced by 640.94% compared to the HIns at 0° due 

to the increased velocity in the diverging chimney. 

7. The performance of the HIns in a 1° divergent chimney improved by 3.92% 

with 0.51, while the power output enhanced by 3.13% with 200.87W compared 

to the VIns at 1°. 

8. The performance of the VIns in the 2° divergent chimney improved by 8.33% 

with 0.39 against VIns 0° but reduced by 23.53% with 0.51 against VIns 1°. The 

power output enhanced by 970.48% compared to VIns 0° and 45.75% compared 

to VIns 1° due to the increased fluid flow velocity in the diverging chimney. 

9. The performance of the HIns in a 2° divergent chimney at 0.16 was reduced by 

55.56% against HIns 0° and 69.81% against HIns 1°, which may be due to the 

wall-like characteristic of the turbine at high rotational speeds. The power 

output was increased by 327.44% at 115.88W compared to HIns 0° but was 

reduced by 42.31% compared to HIns 1°. 

10. The performance of the VIns in the 2° divergent chimney has improved by 

58.97% while the power output was enhanced by 59.18% against the HIns 2°. 

(Objective 3) 

11. The guide vane and shield with the best performance was at GVS 45°, with an 

increased performance of 22.22% at 0.44 and an improved power output by 

22.25% at 32.42W against VIns 0°, which could be attributed to the increased 

air attack and suppressed pressure on the advancing blade. 

12. The deflector with the best performance was Def 150° with improved 

performance and power output of 5.56% at 0.38 and 6.67% at 28.29W against 

VIns 0°, respectively. The deflection of the fluid flow away from the returning 

blade may have reduced the impact of the negative torque.  
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5.1 Future Studies 

Several aspects can be focused on as future research studies which can be performed 

in stages. 

1. The current study reports on the performance enhancement of the SSWT in 

various setups with a restricted parametric range. The optimal parametric 

values of the setups, however, have not yet been established. Hence, a focused 

investigation on the performance of the SSWT with GVS between angle 22.5° 

and 50°, GVS and deflectors combined, different deflector distances from the 

turbine, and larger diameters will be undertaken to identify the parametric 

values of the SSWT, deflector, and GVS for optimal power generation. 

2. The single turbine configuration in the current work may not have fully 

harnessed the fluid flow’s energy since minimal wake regions were identified. 

Thus, the performance of multi-turbine configurations will be investigated to 

analyse the power production capabilities compared to a single turbine 

configuration.  

3. The current work is limited to a 2-dimensional analysis, where the volumetric 

fluid flow impact is not taken into account. Hence, a 3-dimensional 

performance analysis of the SSWT under vertical and horizontal installations 

will be explored. 

4. The usage of CFD in the current work to identify the optimal parametric values 

for maximum power augmentation proposes to be time-consuming and costly 

with increasing parameter studies. Therefore, the Artificial Neural Network 

(ANN) and Genetic Algorithms (GA) will be adopted to analyse the optimal 

design parameters of the SSWT for the SCPP.  
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