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ABSTRACT 

 

Micro wind technology is preferred to satisfy the energy needs of individual in built 

environment as well as in non grid connected rural areas due to its several merits. 

Though, the technology has several advantages but its expansion is very slow due to few 

significant limitations such as, low efficiency of wind turbines and public concerns 

regarding safety in the turbine vicinity, noise and visual impact. Various techniques such 

as wind concentrators, deflectors, and curtains were introduced, time to time, to improve 

the efficiency of these systems. These techniques improved the efficiency of micro 

vertical axis wind turbines (VAWT) considerably, but at the cost of their omni-

directional nature. Wind Accelerating and Guiding Rotor House(WAG-RH) is introduced 

in this study to enhance working range of vertical axis wind turbine in low-speed and 

turbulent wind locations with improved efficiency. The WAG-RH collects free stream 

wind parcel of area nearly equal to the projected area of the rotor house then guide, 

accelerate and concentrate it onto the beneficial location in the space left for vertical axis 

wind turbine to avoid negative torque and generate more positive torque. Different 

WAG-RH  design concepts  were developed and  their  performance regarding wind  

speed  amplification factor was simulated  using  design  software Gambit version 11.0 

and Computational Fluid Dynamic (CFD) educational version of ANSYS fluent 14.5. 

Four turbulence models such as, K-ε(standard), K-ω(standard), K-ω(SST), and Inviscid 

were implemented on geometry of WAG-RH. K-ω(SST) was found in good agreement 

with experimental investigation, dedicated to model validation, so was used for further 

analysis. The optimized configuration of the proposed rotor house contributed nearly 

50% increase in inlet velocity in the rotor zone of the rotor house.  Experimental 

investigations regarding performance of optimized configuration of the proposed rotor 

house to improve efficiency of the VAWT was performed. In this regard, a conventional 

three bladed Savonius rotor model and the model of optimized design of RH was 

manufactured and tested under laboratory conditions as well as open air conditions. The 

present study utilizes other green energy element also by integrating the WAG-RH with a 

solar heating system. The integration is found capable to improve the performance of 

rotor setup in the WAG-RH as well as provides hot air with sufficient air mass flow rate 

for space heating. The WAG-RH contributed 97% increase in the Cp of 3-bladed 

Savonius rotor whereas, solar integration with WAG-RH, using Vertical -Horizontal Co-

axial Blade Combination Technique (VHCBC),  improved the Cp, further,  to 112%  for 

5m/s wind speed . 
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CHAPTER-1 

INTRODUCTION 

1.1 INTRODUCTION 

Energy is fundamental component for development of society, particularly in terms 

of socio-economic development. Every aspect of life, no matter where it is and in 

what form, strongly demand energy for its growth and survival. The demand for 

energy, mostly in the form of electricity, increases day by day with continuous 

growth in population and industrial activities around the world. It has been reported  

that the current world population of 7.3 billion is expected to reach 8.5 billion by 

2030, 9.7 billion in 2050 and 11.2 billion in 2100 [1]. The global energy demand is 

expected to be about 30% higher in 2040 than that of 2010 which will bring more 

challenges in future such as enlarged ecological troubles, exhaustion of fossil fuels 

and unstable prices of petroleum products. It is also reported that the residential and 

commercial energy use will increase at an average rate between 1.1 and 1.5% yearly, 

respectively from 2008 to 2035 [2].  

The traditional way to generate electricity is through centralized power generation 

systems (power plants) utilizing large gas, oil, coal or nuclear fuels. These systems 

supply the generated power to the grids through a high-voltage transmission 

network. The end-users can be connected to the grid at different voltage ranges 

depending on their demand. The largest category is of low-voltage end-users such as 

increased rate of urban population and their household appliances.   

The main shortcomings associated with centralized power generation are 

transmission and distribution system costs, security and reliability of power supply 

as well as energy efficiency and environmental impacts such as; 

 Transmission or distribution losses can account for 30% of the cost of 

delivered electricity, with the highest costs attributable to customers utilizing 

electricity at low voltage such as households. 

 The environmental impacts of centralized energy generation are significant if 

it relies on coal, oil and gas.  
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 Centralized energy generation creates an economic burden as well as energy 

security concerns in such countries which are under primary energy (Energy 

generation from fossil fuels) shortages.  

 The depletion of primary energy resources will result in power shortage 

leading to economic pressures [3].  

These limitations to energy generation and supply compel to look for distributed 

energy generation and renewable energy resources. Distributed generation stands for 

the installation and operation of a small size, and clean electric power generating 

units at or near an end user.  The developments in distributed energy generation 

technologies have been contributed in the past, but were not considered capable as 

compared with centralized generation systems. However, with the shortcomings 

identified in centralized generation and supply, this approach is becoming 

increasingly more prevalent internationally. 

1.2 MICRO-GENERATION TECHNOLOGY  

The use of alternative energy resources and adoption of energy efficiency 

procedures has been recommended to be included in built-up planning and 

development. Production of energy close to the user in built-up areas certainly will 

help to lessen the power generation load as well as distribution and transmission 

network costs by reducing the distance between the user and the power.  

Innovation in micro-generation technologies reflects to generate heat or electricity at 

small scale in or around individual buildings (or groups of buildings). A micro-

generation technology carries several advantages such as;  

 These technologies utilize indigenous renewable energy resources aiming to 

generate power economically, close to the user and reduce Carbon Dioxide 

(CO2) emissions as well [4, 5]. 

 These technologies involve individuals to overcome shortfall in centralized 

electricity supply and facilitate them to meet their own needs of energy using 

indigenous energy sources reported by Bergman, et al. [6].  
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 Micro-generation  technologies  have  very  high  potentials  for integration 

within the built environment not only because they satisfy demand and  

provide  decentralized  generation  but  also  to  help  tackle  fuel  scarcity  

and achieve reductions in emissions [7, 8] 

Solar and the wind are two main renewable energy sources offering huge potential 

for micro-generation technologies. These sources complement each other during 

summer and winter, day and night and can provide buildings with significant power 

supply throughout the whole year [8].   

1.2.1 Micro wind technology 

The micro wind sector is still at an early stage of development, but there is evidence 

of a growing market for development of micro wind systems. The wind turbines 

used for such applications vary between a few watts to 50 KW as reported by 

International Energy Agency (IEA)[9]. Micro wind technology has several 

advantage such that; 

• It brings power generation close to the user 

• Utilizes indigenous techniques and expertise 

•  Its systems are easy to install and maintain 

• Utilizes smaller windy areas 

•  Reduces CO2 emission  

Though, the technology has several advantages, but it has few limitations also which 

include low efficiency of micro wind systems and few significant public concerns 

such as, visual impact of the wind turbines, noise, and safety in the vicinity of a 

wind turbine [10]. There are still relatively few examples of such type of developed 

systems within urban settings where demand is continuously increasing to provide 

alternative to centralized generation system, using fossil fuels that generate carbon 

emissions [11].   

Environment degraded intensive society, businesses class, local government bodies 

and other public organizations are intent to install rooftop wind systems as a signal 

of their support for sustainability, but may do so without adequate consideration of 
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safety, structural building integrity or turbine performance [12]. The main public 

concerns are the visual impact of the wind turbines, noise, safety in the surrounding 

of a wind turbine, shadow flicker, blade-reflected light, electromagnetic interference, 

and their adverse effects on biological growth, flying of birds across the turbine and 

effect on property values.  

Public acceptance and confidence in the technology are the most significant 

challenges to micro wind technology [13-15].  Micro wind technology will be 

acceptable in the built environment when it is efficient and cost effective, safe to the 

public, and has ability to be blended aesthetically with the environment [16,17].   

1.3 WIND ACCELERATING TECHNIQUES 

Wind power generation is proportional to the wind speed cubed [18-20]. 

Converging-diverging ducts were used to implement this principle on horizontal axis 

wind turbine to accelerate and concentrate wind approaching the turbine rotor and 

improve its efficiency. Though, the technique improved the efficiency of horizontal 

axis rotor, but public concerns to micro wind technology were not addressed (details 

with figures are available in section-2.8.2 on P.33).  

Wind turbine  experts recommend VAWT designs for urban environments [21] due 

to added advantages of that they can intake wind from any direction, operate in 

turbulent and variable wind conditions far better than Horizontal Axis Wind Turbine 

(HAWT) designs [22]. Nevertheless, efficiency of VAWT has remained major 

barrier to its implementation. When the wind blows on the blades of a HAWT, all of 

them contribute to energy production but When wind blows on a vertical axis 

turbine, only one side of the rotor (power blades) generate positive torque while the 

returning blades generate negative torque. Simultaneous production of positive and 

negative torque takes place during working of conventional savonius rotor. Here, the 

negative torque reduces the magnitude of net torque generated by the rotor and the 

rotor efficiency; therefore, reducing negative torque, efficiency of rotor can be 

increased. Wind curtains, concentrators, deflectors and shields were introduced and 

investigated to reduce negative torque generation, to accelerate and concentrate wind 

approaching the vertical axis rotor for its efficiency improvements. All these efforts 
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were found effective but at the cost of omni-directional nature of vertical axis wind 

turbine. Omni-directional nature of the VAWT has been proved important for urban 

wind conditions such as, low and turbulent wind conditions.  

1.4 PROBLEM STATEMENT AND MOTIVATION 

The socio-economic development of any country directly depends on its sustainable 

energy potential.  It has been observed that demand of energy will increase due to 

the expected population growth and improvement in the living standards of the 

human being around the globe. Conventional way of electricity generation is based 

on fossil fuels, hydropower and nuclear energy, but due to rapid exploitation rate of 

fossil fuels, it is alarming situation to rely utterly on those depleting sources of 

energy. The root causes for climate change are related to human actions particularly 

that of burning fossil fuels and the greenhouse gases emitted.  Almost 80% of the 

developed countries peoples like to live and work in metropolitan system, where 

high electricity consumption produces greater greenhouse gas emissions. 

Distributed Micro-generation technologies have been proposed for in-built 

environment which utilizes indigenous renewable energy resources; it generates 

power economically close to the user and reduces Carbon Dioxide (CO2) emissions. 

Though, the wind is a dependable renewable energy source which offers a huge 

potential for micro power generation in-built environment, but it has to overcome 

the challenges of public concern and develop public confidence, such as low 

efficiency of wind rotors, safety in the vicinity of wind turbine, noise, and visual 

impact are few main barriers to achieve public acceptance and confidence in the 

technology for its exploitation [23]. 

Nevertheless, various techniques such as building integration and augmentation of 

wind rotors have been experienced and implemented in the known environment, but 

they fail to provide viable solution to attract the public and compete in the open 

market. The techniques adopted to accelerate the wind approaching to the turbine, 

such as wind concentrators, deflectors, and curtains were introduced time to time, to 

improve the efficiency of rooftop wind turbines. These techniques improved the 

efficiency of horizontal axis as well as vertical axis rooftop wind turbines 
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considerably, but for the later, at the cost of its omni-directional nature. The omni- 

directional nature of vertical axis wind turbine is vital to receive wind from any 

direction and perform efficiently in the turbulent wind conditions, hence cannot be 

sacrificed. Those efforts were limited to efficiency improvements only but the 

environmental public concerns were not attended. 

It can be concluded from the above reviewed literature that an enclosure with omni 

directional wind accelerators would be a better choice for VAWT. The enclosure 

should possess abilities to retain omni-directional nature of VAWT, improve its 

performance, minimizes public concerns as well as develop public acceptance to 

micro wind technology . 

The present study introduces a novel omni-directional solar integrated rotor house 

for vertical axis wind turbine. The proposed wind accelerating and guiding rotor 

house (WAG-RH) encloses VAWT at its center, retains its omni-directional nature, 

improves its performance and minimizes public concerns to micro wind technology. 

Further, Solar air heater as an integral part of WAG-RH has also been investigated, 

in this study, as another wind accelerating technique. Solar integration with WAG-

RH has been proved capable for VAWT performance improvements.  

1.4 OBJECTIVES OF THIS RESEARCH 

Study is carried out for following objectives; 

1. To investigate and optimize the performance parameters of WAG-RH 

2. To investigate turbulence level in WAG-RH 

3. To carryout experimental investigation of WAG-RH performance dedicated 

to numerical model validation 

4. To carryout performance analysis of conventional Savonius Wind Turbine 

in and out of WAG-RH 

5. To investigate the performance of a solar air heater as an integral part of 

WAG-RH: 

6. To  study the performance of solar air heater as an air accelerator inside the 

WAG-RH 
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7. To investigate the combined effect of WAG-RH and solar air heater on the 

performance   of conventional Savonius rotor  

Thesis Structure 

Chapter 1 provides the introduction and background of energy requirements of 

residential and commercial sector in urban areas, limitations of conventional energy 

sources and power generation, problem statement, motivation and research 

objectives of the present study. 

 In chapter 2 review of research background and developments contributed by 

several experts relating to the field of present study have been discussed. The review 

includes general over view of energy availability, renewable energy, wind energy, 

wind energy systems, micro wind technology and its limitations.  

Chapter 3 comprises  hypothetical concept of wind accelerating techniques. 

Research methodologies regarding  numerical investigation  as well as experimental 

setup  are also  presented in this chapter.  

Chapter 4 provides results and discussions comprising numerical optimization of 

performance parameters of the proposed rotor house, experimental investigations of 

WAG-RH contributions for improvements in the efficiency of Savonius rotor and 

experimental investigations of solar air heater integration with the WAG-RH.  

Chapter 5 covers conclusion of the work carried, suggestions for future work and 

recommendations. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 RENEWABLE ENERGY OUTLOOK 

It has been realized globally that the independence and self reliance in the 

generation as well as the use of energy are key factors to achieve success and 

supremacy. The global energy system is at risk of falling short of the hopes and 

expectations placed upon it in the context of both energy availability and 

sustainability [24]. World Energy Outlook summery 2014 pointed out the increase in 

the global energy demand up to 37% by 2040, but the development path for a 

growing world population and economy is less energy-intensive than it used to be. 

Continuous rise in global greenhouse-gas (GHG) emissions and air pollution in 

many of the world’s fast-growing cities is alarming for unhealthy future. Estimations 

are that the emissions of greenhouse gases from the energy sector will increase 

130% from 2005 levels to 2050, in case of negligence in relative measures [25-28].  

To address such global challenges, the energy system needs to undergo a 

transformation from fossil-fuels to renewable energy and energy efficient 

technologies. Major share of the electrical energy generation, worldwide, is through 

the conventional sources such as fossil fuels (coal, oil and gas), nuclear energy, and 

hydro. However, reserves for these fossil fuels are being depleted rapidly, leading to 

limited fuel supply. Estimations are that the consumption of such reserves is at 

alarming rate, hence, will end after a couple of decades, causing serious problems to 

the environment. The greenhouse gases such as carbon dioxide (CO2) and nitrous 

oxide (N2O) are released, during the process of burning such fuels, to the 

environment which give rise to environmental problems like smog, acid rain and 

global warming. The solution compels to seek alternative energy sources which 

must be renewable, dependable and environment friendly to fulfill the growing 

demand of electrical energy for other sectors. Consequently, renewable energy 

sources such as solar, wind, hydro, bio power, geothermal and ocean power are 

getting priority to be used for power generation at large as well as at small scale.  
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The Renewable 2012, Global Status Report [29], highlighted increasing trend of 

renewable energy dependency and development across the world. According to this 

report renewable energy sources contributed 16.7% of global final energy 

consumption in 2010. In 2011, nearly 208GW additional electric capacity was 

added, half of which was contributed by renewable, where, the share of wind was 

about 30%. The World  Energy  Council's  survey report [30] through Figure 2.1 

reflects  increasing trend of renewable energy contribution. 

 

Figure 2.1: Outlook of   the  World  Energy  Council's  Survey  of  Energy   

providing  a comparison of the global percentage associated with 

each fuel type [30] 

2.2 GLOBAL WIND ENERGY SCENARIO 

According to the Committee on Climate Change report [31], renewable, in general, 

can have a significant contribution to reduce carbon dioxide (CO2) emissions and  

wind,  in  particular,  can  play  an  important  role  knowing  that  the  cost  of 

power from wind has fallen fourfold between 1980 and 2008 and it is expected to 

continue to fall with the advancement in wind turbines technology. 
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The growth of wind power industry has been remarkable since last two decays. 

Renewable Global Status Report [29] states that the global wind capacity has grown 

from 6.1GW to 238GW and since 2006, there has been  321.6%  growth  in  

capacity,  representing  an  annual  (average)  growth  of  26% [30]). Looking at the 

energy scenario of Europe only, it reflects that wind power is the most widely 

applied renewable energy which accounts for 41% of total global capacity[29].  

Figure 2.2, reflects European installed wind capacity in terms of percentage 

contribution of wind energy towards electricity consumption, based on 2012 

statistics.  

 

Figure 2.2: International Wind Capacity & % contribution to electrical 

consumption [32] 

The wind  power currently  contributes at about  3.5%  of  global  electricity  

demand  and  it  is  expected  that  the  contribution could reach up to 12% by 2020 

[29]. The  world-wide  total  wind  power generation capacity  was  282  Giga Watts  

(GW) by the end of year 2012,  showing  an increase of  about  18.7  % over  year 

2011 [30, 31].   
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Table 2.1 shows cumulative wind power capacity from year 2008  to 2012  in top 10 

countries  and  the  same  variable  worldwide [21, 22]. The  data  from table 2.1 

indicates the installed  wind power capacity by various developed countries from 

year 2008  to 2012. More than 133.5% increase in the global wind power capacity 

during the last five years has been reported amongst which 73.7% was contributed 

by 5 countries i.e. China, USA, Germany, Spain and India.  

Table 2.1: Cumulative wind power capacity outlook from 2008 to 2012 [21, 22] 

 

2.3  POTENTIAL OF SOLAR AND WIND ENERGY IN 

PAKISTAN 

2.3.1 Solar energy 

Pakistan is located in the zone where long sunshine hours are available which can be 

used for both photovoltaic (PV) and thermal solar power applications. A potential of 

2.9 million MW in Pakistan was reported by National Renewable Energy Laboratory 

(NREL) in 2012 conducting solar mapping in collaboration with USAID (Figure 

2.3) [33]. The Annual Direct Normal Solar Radiations, according to the figure, are  

in the range of 7 to 7.5 kWh/m2/day in many parts of Baluchistan, 5 to 5.5 

kWh/m2/day in Southern Punjab and Northern Sindh, and around 4.5 to 5 
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kWh/m2/day in rest of Pakistan. The mean global irradiation falling on horizontal 

surface about 200- 250 watt per day have been reported 

 

Figure 2.3: Direct solar radiations status in Pakistan [33] 

2.3.2 Wind energy 

In coastal belt of Sindh province the presence of a logical wind corridor with wind 

speed ranging more than 7 m/s at a height of 80 m have been confirmed by Pakistan 

Meteorological Department (PMD). According to this deportment this wind corridor 

has a promising exploitable wind potential of more than 50,000 MW only at Gharo 

Keti Bandar corridor of Sindh Province [33]. 

A potential of more than 300,000 MW of wind energy in whole of the country has 

been reported by National Renewable Energy Laboratories (NREL) of USA after 

carrying out the wind resource study of Pakistan under the USAID assistance 

programme in 2007 [34]. A meso-scale map of Pakistan, showing the wind speed 

potential available at 50 m height is shown in Figure 2.4. 
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Figure 2.4: A map of Pakistan, showing the wind speed potential at 50 m height 

[34] 

Though, there is significant potential of wind power in Pakistan, nevertheless, the 

expansion of micro wind technology is very slow. In Pakistan more than 40,000 

villages are not connected with the national grid. Estimates show that more than 

5,000 villages can be electrified through wind energy in Sindh, Balochistan and 

Northern Areas [34,35]. The statistics is such that, the Alternative Energy 

Development Board (AEDB) installed a total of a 140 micro Wind Turbines (139 of 

500 watt each and one of 10 KW) in remote village of Sindh and Balochistan 

Provinces to supply power to residents for household utilization. The mechanism 

was designed such that one turbine was utilized to electrify 5 household. Most of the 

turbines installed by AEDB were imported from China and a few were 

manufactured locally [36]. 

Pakistan Council for Renewable Energy Technology (PCRET) installed a total of 

134 micro wind turbines in remote villages of Sindh Province to supply power to 

residents for household utilization. Most of the turbines installed by PCRET were 
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imported from China and a few were manufactured locally. The details in this regard 

are as follows. 

In year 2002, 14 micro wind turbines (6 of 500 Watts each and 8 of 300 watts each) 

were imported from China. out of these , 8 were installed in coastal belt of 

Balochistan ( 3 at Dhoajee, 2 at Phore and 3 at Mata Mandar Hinglaj, Lasbella) and 

6 wind turbines were installed in the coastal areas of Sindh (one at super High way 

Karachi, 3 at Gujjo and 2 at Kharo Chan). In 2004, PCRET imported 116 micro 

wind turbines of 500 watts each and installed in remote coastal areas of Sindh and 

Balochistan. Through this Project, 1,430 household have been given electricity. All 

these turbines were also china made, PCRET has Installed these turbines through its 

own expertise [36] 

2.4 MICRO-GENERATION TECHNOLOGIES 

Environment friendly and never ending nature are the significant advantages of 

renewable sources of energy. The use of renewable have been encouraged globally 

both at micro and macro levels.    According to Martinot  et  al.[37], China, 

Scotland, USA, Germany and the Netherlands have agreed to set a target of 

producing 30, 50, 50 and 80%, respectively, of their  energy  from  renewable 

sources  by  2050.   

According  to  Bahaj  et  al.  [7] and Roaf  et  al.  [8]  micro-generation  technologies  

have  very  high  potentials  for integration within the built environment not only 

because they satisfy demand and  provide  decentralized  generation  but  also  to  

help  tackle  fuel  poverty  and achieve reductions in emissions. Micro generation 

technologies need not to be connected with grid and work independently, hence, are 

economically beneficent for the built environment. 

These technologies include: 

 Solar collectors  

 Solar photo-voltaic panels (PV)  

 Wind turbines  

 Combined heat and Power (CHP) units  

 Fuel cells  
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 Heat and power  generation  from  biomass,  bio-liquids  and  biogas 

including from anaerobic digestion. 

Hyams [38], acknowledged  that  micro  wind  turbine  is  one  of  the  technologies  

applicable for on-site generation of electricity in rural as well as urban environment. 

Roaf, et  al.  [7], declared that the two main pronounced micro-generation 

technologies that promote the idea of combating climate changes are the solar and 

the micro wind turbines. Both  technologies  complement each other during summer 

and winter, day and night and can provide buildings with  significant  power  supply  

throughout  the  whole  year.   

Jha [39] asserted that it is wind and solar power that offer clean electrical energy 

with lower installation costs, higher reliability and cost effective installations. They 

have their own disadvantages, but when compared to the other technologies they 

have higher potentials of implementation.  

2.4.1 Micro wind technology 

Wind technology can be defined by its characteristics.  IEC  61400-2  defines small 

wind technology with its capacity as  having  a  rotor  swept  area  of  less  than  

200m2 and power  rating below 50kW [38].  This definition is not hard but there are 

different definitions used by different countries. In terms of power rating they place 

small wind technology in the range between 15 and 100kW. Micro wind technology 

works below this range [38, 39]. 

Globally, one can experience growing popularity of a broad variety of small and 

micro scale wind energy projects in most diverse geographical sites [40]. Easier site 

finding, installation and maintenance make small and micro scale distributed wind 

energy projects attractive prospect to the developers [41]. IEA Wind [42] states that 

distributed wind energy generation appear to experience a growing popularity 

besides large scale developments. Even countries with wind resource of poorer 

quality seem to have recognized the global trends and introduced policy support and 

other ways to promote the use of renewable energies on small scales (e.g. Germany, 

UK, Australia, etc.).  
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Bahaj, et al. [4] reported that the trend for small wind system installation has been 

continuously growing. they reported that at  the end of 2012, a cumulative total of at 

least 806’000 small wind turbines were installed all over the world.  

 Allen, et al. [43] affirmed that micro-wind turbines for household energy generation 

are a currently promising technology in the UK market, though, there is 

comparatively little experiental awareness regarding their performance and 

corresponding energy yield potential, particularly in the built environment. Increase 

in micro generation demands in the domestic, small industry and public sectors has 

boosted the development in  small scale wind turbines and their use is expanding 

globally but rapidly in UK [2, 4]. In the report from  [44], it is declared that over 

10,000 micro-wind turbines have been installed in the UK since 2005. It has been 

predicted, here, that by 2020, over 600,000 small wind turbines will be generating 

energy in the UK, based on the potential wind power resources, future technology 

cost reductions and increase in utility price.  

2.5  MICRO WIND TECHNOLOGY IN THE URBAN 

ENVIRONMENT 

2.5.1 Urban wind resources  

For any wind turbine to function effectively the available wind source and 

conditions play major role [45].  If the average wind speed in a particular location 

falls below the cut-in speed which, for small wind turbines, ranges from 1.8 to 4m/s 

the wind turbine in this location is likely to not generate useful amounts of energy. 

Compared to rural locations which use strongest winds at high elevations in large 

open areas , suburban and urban areas decrease the same wind speed at a 

considerable level, such as, 13-20% and 29-40% respectively. These reductions in 

wind speeds could cause significantly lower power production by the wind turbine 

because the power produced by a wind turbine is proportional to the cube of the 

wind speed [46]. 

2.5.2 Urban wind characteristics 

The variation in the strength of solar radiation approaching to the surface of earth 

and geographical variations modify the distribution of power in wind, particularly in 
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the micro environment [47, 48]. Within urban environment, where air approaches to 

the buildings and other barriers converts that area into a turbulence zone as shown in 

Figure 2.5. The turbulent effect, greatly influences extractable power by the turbine 

[49], hence, for strong winds to receive it becomes essential to place wind systems 

high enough above the turbulent zone [50, 51]. 

 

Figure 2.5: A high turbulence zone within urban environment, developed due 

to buildings and other obstacles[51] 

Mathew [52] concluded that the wind is intermittent in nature because of the 

seasonal and daily wind speed differences, in spite of the reality that wind speed is a 

source of clean energy.     

2.5.3 Urban wind technology 

Wind turbine converts kinetic energy of wind, approaching to the rotor, into 

mechanical or electrical energy [53]. Less turbulent and regular winds are more 

constructive for optimum power extraction by the wind turbine. The presence of 

buildings, trees, and other obstacles in the built environment modifies wind profile 

from uniform to turbulent [54]. This irregular and intermittent behavior of wind has 

been the great challenge in development of wind energy systems. For efficient use of 

such wind conditions and minimize public concerns of wind technology efforts have 

been made and are continued [46]. More concentration has been on the efficient, cost 

effective and reliable deployment of wind turbines [55]. Various configurations of 

wind turbine have been implemented in the urban environment which can be placed 

in two major classes, such as,  horizontal axis wind turbines (HAWTs) and vertical 

axis wind turbines (VAWTs) [56].  



18 
 

2.5.3.1 Horizontal axis wind turbines (HAWTs)  

The focus of wind industry and public interest is inclined towards the horizontal axis 

wind turbine due to its higher efficiency in comparison with the vertical axis wind 

turbine [57]. In this turbine configuration the axis of rotation of the blades is in a 

horizontal position and parallel to the wind stream [58]. The rotor faces the wind 

and needs a yaw mechanism to maintain facing the wind, [59, 60]. Changes in wind 

direction and turbulence negatively affect the performance HAWT because of the 

required repositioning of the turbine into the wind flow [61], which appears as  the 

major limitation of HAWT for urban environment. The threat to birds and aircraft, 

manufacturing and maintenance issues as well as, the blade sizes are part of their 

limitations in their use in urban environment [62]. These limitations of HAWT tilted 

the mind of designers and wind experts towards the Vertical Axis Wind Turbine . 

The different orientations of HAWTs that have been used in urban environment are 

shown in Figure 2.6.  

 

Figure 2.6: Different orientations of HAWT [62] 

2.5.3.2 Vertical axis wind turbines (VAWTs)  

Unlike the HAWT, the rotor of the VAWT rotates vertically about the vertically 

positioned shaft instead of horizontally [63]. Though it is not as efficient as a 

HAWT, it does offer benefits in low and turbulent wind situations where HAWTs 

cannot perform. It uses the wind approaching from all the directions. This omni-

directional nature of VAWT makes them perfectly suitable for urban environment 
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[2, 62, 66]. The other benefits of selecting VAWT for built environment are that 

their components are placed nearer to the ground, provide an easier access to 

maintenance. They offer smaller cost of production, installation and transport  and 

are preferable to be implemented in the built-up zones. Vertical axis wind turbines 

carry omni directional nature which have been proved effective to handle turbulence 

and perform better than HAWTs in the urban environment where turbulent natured 

wind is dominant. As a result, for the reason that they smaller in height, so are ideal 

for urban zone and other thickly populated areas where it has not been promising to 

set up wind turbines [47].  

In general, these types of wind turbines are preferred for small scale power 

generations, because they contribute less power  in comparison to their horizontal 

axis counterpart [64). The increasing trend of smaller VAWTs in the built-up 

environment has been due to the simplicity and low manufacturing cost for smaller 

turbines. These turbines are more scalable and can be installed at a lower height 

above the ground. Compared to farms of HAWTs, the VAWT farm has three times 

the power density at one tenth of the height [65]. Few designs of vertical axis wind 

turbines used in urban environment are shown in Figure 2.7. 

 

Figure 2.7: Designs of vertical axis wind turbines used in urban environment 

[65] 
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2.6  BUILDING  INTEGRATION WITH  MICRO WIND 

TECHNOLOGY 

Built-environment wind turbines (BWTs) are defined as wind turbines located in an 

urban or suburban environment (built environment). Installation or retrofitting of 

micro-wind turbines on a new or existing buildings for small-scale electricity 

generation refers to the building integration of micro wind technology [2, 67]. 

2.6.1 Rooftop Systems 

Removing the tower from the small wind turbine system building roof tops have 

been utilized in an effort to reduce cost, and simplify the installation of small wind 

turbine systems. Using building roof tops provides the needed height above the 

ground to clear obstacles such as trees and other buildings. In general, the higher the 

building above the surrounding obstructions, the higher the average wind speeds. 

Issues arise when small wind turbines are mounted to insufficiently tall buildings, 

which have low, turbulent winds from surrounding buildings, trees, and other urban 

structures. Additionally, there are other considerations with building mounted wind 

turbines, such as: vibration, noise, and appearance, which are generally exacerbated 

by proximity to people. 

2.6.2 Building augmented systems 

To augment free wind speed streams, the open area between two buildings can be 

used as diffuser by taking advantage of the Venturi effect. A system where two 

buildings are used to increase the winds kinetic energy is called building augmented 

wind turbine (BAWT). Since the power in wind is proportional to the cubic power 

of the wind velocity approaching the wind turbine, a small amount of wind speed 

acceleration leads to a large increase in energy output. Building augmented wind 

turbines (BAWTs) are an interesting option in this respect.  

Current investigations on wind energy declare capable opportunities to broaden the 

use of wind energy in the built environment. However, they warn that the designers 

must remain careful to the micro or local wind conditions, because turbine 

efficiency is extremely responsive to the speedy variations in wind conditions that 
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prevail in the built environments [68]. Few examples of wind turbine building 

integration are shown in Figure 2.8. 

 

Figure 2.8: Building integrated wind turbine [69] 

The energy experts indicate that building  integration ensures  the  generation  of  

electricity  close to the user,  resulting  in  reducing  the  cost  of generation and 

power losses during transmission, put stress on the architects and planners for 

integrating wind turbines in building structure. In addition,  Stankovic, et al.[12] 

pointed out the buildings characteristics of concentrating wind flow in their locality, 

argued  that  building  integrated  wind  turbines  would  benefit  from  the wind 

flow concentration  effect of buildings, which may result in increased energy yield  

from  the  wind  turbine.  In support of such idea, Smith [70] recommended accurate 

assessment of wind resources and locating the flow concentrated sites before 

installing any power generator using wind in the built environment. Dutton, et al. 

[46] concluded that the potential energy production and CO2 emissions reductions 

can be expected from building mounted turbines, depending on the building 

structure arrangements and placement of wind power generator. They aided that 

building mounted turbines have the capacity to permit buildings a degree of energy 

independence. The above discussion concludes following significant advantages of 

micro wind technology. 
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 It brings power generation close to the user,  

 No long transmission lines and grid connections are required, 

 It reduces load on grid and contribute significant reductions in CO2 emissions 

 Indigenous techniques and expertise is enough to install and maintain micro 

technology systems.  

 Smaller windy zones can be utilized for power generation 

2.7  LIMITATIONS OF MICRO WIND TECHNOLOGY 

BUILDING INTEGRATION 

 Though, the building integration with micro wind technologies have several 

advantages, but such small-scale wind turbines for building integration may not 

always be aesthetically pleasing. In addition, there is a chance of  repeated  failures 

of the turbine blades, consequently have raised public concern over issues of safety, 

noise, vibration and visual impact [71].  

Several research studies have pointed out many challenges to the building 

integration of micro wind technology in the urban environment.  Dayan [10], Cace 

[11] and Stankovic, et al [12] reported many public concerns to micro wind 

technology. They concluded that, building integration of microwind technology has 

to attain public acceptance and confidence in the technology in terms of technology 

efficiency and environmental impacts. Efficiency of wind turbines implemented by 

the technology is unacceptable for the public to motivate them for installation. The 

other reported significant public concerns are public safety, adverse effects on 

biodiversity and flying birds, noise and the resulting effects of these environmental 

public concerns on property values and house prices in the turbine vicinity. 

Anderson, et al. [9] aided that any organization or community may not implement 

wind turbine integration in the buildings without adequate consideration of safety, 

aesthetic features of building and turbine performance. Further, they warned that 

without minimizing such public concerns about technology would lead to the 

development of a negative reputation for wind energy and the renewable energy 

industry which has high potentials in replacing conventional sources of energy. 
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2.8  TECHNIQUES TO OVERCOME LIMITATIONS OF MICRO 

WIND TECHNOLOGY 

Kosasih and Tondelli [72] stated though, micro wind technology has several 

advantages, but,   micro-wind turbines based domestic power generation is still new 

technology and has many challenges including high capital costs and low 

performance issues. They further elaborated  that these technical challenges are 

mainly related to the high frequency changes in wind direction, the unpredictable 

and low wind velocity, and the high turbulence flow. The review designate the take 

up of micro wind turbine based power generation stimulation conditional with the 

device if it can be made to produce power in such difficult wind conditions 

encountered in built environment. It was also stressed to avoid any bottleneck, if 

exist, in terms of public safety or undue inconveniences to the public for acceptance 

of the technology in built environment.  Introduction of new techniques that can 

increase the value of wind generation through improving the performance and 

sustainability of power generating systems has remained  priorities in wind energy 

research [73,74].  

2.8.1 Ducting of wind turbine 

The theoretical upper limit proposed by Betz for efficiency of conventional HAWT 

such as 59%, reflects the amount of energy that can be extracted from the wind 

energy flux which is available to a wind turbine of given dimensions [75]. It has 

been investigated that altering the wind stream parcel incident on the turbine rotor 

using some external mechanism can produce efficiencies in excess of the Betz limit. 

It has also been investigated that increasing wind mass flow through the turbine it 

would be possible to increase performance of rotor exceeding the Betz limit [76].  

Aniket, et al. [76]) pointed out, on the basis of previous studies, that a shrouded 

wind turbine makes use of such a mechanism which encloses the turbine and 

accelerates the incoming wind, significantly increasing the mass and power 

available to the turbine. 
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2.8.1.1 Ducting of HAWT 

According to Foreman, et al. [17], Igra [16],  Abe, et al. [77]), and Ohya, et al. 

[13,78], placing a diffuser around a horizontal axis wind turbine the power output 

can be increased compared to a bare turbine. With diffuser shrouded turbine the 

mass flow rate of air through a turbine is increased by virtue of sub-atmospheric 

pressure at the diffuser exit plane. Such ducting of wind rotors have been 

experienced since long;  

 To improve power of low-speed wind and enhance working range of wind 

power generators 

 To improve efficiency of wind rotors through effective working of incoming 

wind and 

 To avoid environmental effects of wind energy as reported by various 

experts.  

Foreman, et al. [17] introduced one of the more capable advanced concepts, the 

Diffuser-Augmented Wind Turbine (DAWT), for overcoming the economic 

restriction to widespread use of wind power. The diffuser creates a highly sub 

atmospheric pressure at the turbine exit which causes induction of greater mass flow 

through the turbine in contrast to a conventional turbine design of the same 

diameter. The greater mass flow through the turbine results in much larger output.  

Igra [16], investigated, further, the concept of shrouding wind turbines. He has 

shown that performance of turbine enhances when enclosed inside a specially 

designed shroud. He experienced this increase in output power by at least a factor of 

two. For higher power augmentation (as high as 4), he suggests proper 

implementation of ring-shaped flaps and/or boundary layer control techniques 

(bleeding/sucking).  

Experimental and numerical investigations were carried out by Abe, et al. [77] to 

investigate  flow fields of a small wind turbine integrated with a flanged diffuser as 

shown in Figure 2.9.  
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Figure 2.9: Overview of a diffuser-shrouded wind turbine [77] 

Characteristic values of the flow fields for both configurations of wind turbine (i.e., 

turbine with and without flanged diffuser) were estimated and concluded that the 

diffuser-shrouded wind turbine provided much a higher power output compared to 

the bare wind turbine.   The diffuser-shroud integration with the turbine brought 

about four times improvement in the power coefficient of wind turbine. 

A broad-ring flange at the exit periphery of the diffuser shroud was introduced by 

Ohya, et al. [78] for a wind turbine to inside it as shown in Figure 2.10. They 

claimed that flanged-diffuser shroud plays a role of a device for collecting and 

accelerating the wind approaching the turbine, inside the diffuser shroud, by 

generating a low-pressure region in the exit neighbourhood of the diffuser through 

vortex formation and draws more mass flow to the wind turbine. They optimized the 

performance parameters of the flanged diffuser, such as the diffuser open angle, 

flange height, hub ratio, centre body length, inlet shroud shape and so on, to obtain a 

higher power output of the shrouded wind turbine. Consequently, a shrouded wind 

turbine equipped with a flanged diffuser has been developed, and confirmed power 

amplification for a given turbine diameter and wind speed by a factor of about 4–5 

compared to a standard (bare) wind turbine.  
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Figure 2.10: Schematic view of flow mechanism around a flanged diffuser [78] 

The scientific efforts, regarding the development of a wind power system with high 

output, by utilizing the wind power in a more efficient way were contributed by 

Ohya and Karasudani [13]. They introduced the concept of accelerating the wind 

approaching the turbine and named the concept “wind-lens" technology. A diffuser-

type structure with a large brim( Figure 2.11), capable of collecting and accelerating 

the approaching wind to the turbine, was developed and investigated. The study 

adopts a diffuser-shaped structure surrounding a wind turbine like the others [17,77], 

but the feature that distinguishes it from the others is a large brim attached at the exit 

of diffuser shroud. The new set of shrouded wind turbine, for a given turbine 

diameter and wind speed, indicated the performance about 4–5 times compared to a 

standard micro wind turbine. 
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 Figure 2.11: Flow around a wind turbine with brimmed diffuser [13] 

Shrouding (diffuser augmented) horizontal axis micro-wind turbine has been 

revealed to be an effective way to potentially improve the performance of micro 

wind turbine for applications in built environments. It is well understood that the 

degree of the performance enhancement depends on several factors including the 

diffuser shape and geometries, blade airfoils, and the wind condition at the mounting 

site. Kosasih and Tondelli [72] investigated the effect of diffuser shape and 

geometries on the performance of diffuser with three different geometrical features 

namely: straight diffuser, nozzle-diffuser combination, and diffuser-brim (brimmed 

diffuser) combination. They claimed that placing the micro turbine model inside a 

shroud can substantially improve its coefficient of performance by approximately 

60% with the addition of a diffuser, and 63% with the addition of a nozzle - diffuser 

shroud compared to the performance of the bare turbine, as shown in Figure 2.12.  
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Figure 2.12: Performance comparison of bare, diffuser only, and nozzle-diffuser 

shrouded micro wind-turbine [72] 

2.8.1.2 Ducting of VAWT 

A Glaswegian engineer Webster  in 1979 introduced an idea and discovered a device 

for ducting a vertical shaft wind turbine [79] as shown in Figure 2.13. The device 

was patented and proposed for construction in modular forms, either standing alone 

or be integrated with structure. The rotor exists at the upper opening of the vertical 

duct. The wind enters the duct horizontally and leaves vertically through upper 

opening of the duct. The duct before the upper end converges and then diverges 

causing the wind be accelerated approaching the turbine.   
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Figure 2.13: Original ducted wind turbine patent [79] 

Grant , et al. [80] improved and constructed the Webster’s device for field trial at the 

National Wind Turbine Test Centre of the National Engineering Laboratory near 

Glasgow.  

 

 

Figure 2.14: Free-standing prototype device on top of the James Weir Building,  

University of Strathclyde [80] 
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The set up was placed on the rooftop of the building (Figure 2.14) for performance 

investigation dedicated to the built environment. The turbine performed better but 

did not start at wind speeds lower than around 5m/s. 

Several prototypes of a hybrid photovoltaic–wind energy module (Figure 2.15) were 

manufactured in 1999, in the Department’s workshop of James Weir Building, 

University of Strathclyde and deployed on top of the ‘Lighthouse’ building in the 

inner city of Glasgow [81] to demonstrate the potential benefits of deploying 

renewable energy technologies in an urban environment.  

 

 

Figure 2.15: Free-standing hybrid Photovoltaic–wind energy module prototype 

in the Department’s workshop, James Weir Building, University of 

Strathclyde [81] 

Dannecker and Grant [ 82] proposed building integrated ducted micro wind turbine 

and suggested top roof edge of the building for its installation as shown in Figure 

2.16. The reports show that the system takes advantage of aerodynamic 

characteristics of building and generates high wind speed flows in the duct due to 

the pressure differential between the duct inlet at the front facade and the outlet at 

the flat roof. 
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Figure 2.16: Ducted wind turbine integrated in the upper wall/roof edge, cross-

sectional schematic sketch [82] 

They investigated various duct geometries and reported 35%–40% increase in the air 

speeds at the exit of 30° duct with front spoiler than the free stream wind velocity 

(Figure 2.17). 

 

Figure 2.17: Induced high velocities in the 30° duct with front spoiler [82] 

Grant, et al [83] concluded that ducted turbines can be retro-fitted easily to existing 

buildings, and are beneficial to cover public concerns over safety, and issues of 

noise and vibration. The concept also protects the turbine from extremes of building-

generated turbulence, at the expense of directional sensitivity.  Dannecker and Grant 

[82] developed various configurations of ducts for investigating their flow 

accelerating characteristics and applicability in the wind turbine efficiency 

improvements. They found that the straight duct significantly exceeded the velocity 

of the approaching airstream and claimed that ducted turbine systems can be a 
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feasible option to the tradition of attaching small conventional wind systems to the 

roofs of existing buildings. Ducts provide protection to the wind turbines from 

impacts of building-generated turbulence and cover the visual impact.   

A bucket-shape duct was proposed by Hua and Cheng [84] to in house vertical rotor 

for its efficiency improvements. He investigated numerically the optimal shape for 

the interior of the duct which appeared to be an unconventional nozzle( figure. 2.18).  

They claimed that the numerically designed shape of duct extended the free stream 

wind speed by 60% and based on the bucket duct equipped with the optimal nozzle, 

constructed wind power generator increased its power extraction efficiency by about 

80%. 

 

Figure 2.18: A bucket-shape duct for VAWT [84] 

Taher, et al. [85],  optimized the wind duct geometry to increase power performance 

of ducted vertical axis wind turbines. The geometrical parameters of the proposed 

duct and the relative position of its throat to the ducted turbine center were 

optimized. They claimed that the optimized geometry of the duct is capable in 

reducing the torque variations by properly assigning path to wind flow upstream and 

downstream the ducted turbine, and thus increases the turbine power conversion.  

Loganathan, et al. [86] investigated a cyclonic domestic scale vertical axis wind 

turbine with semicircular shaped blades under a range of wind speeds as shown in 

Figure 2.19. They introduced a cowling device which directs the air flow from the 
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rear blades into the atmosphere. Their claim is that device can cover the public 

concerns and be used to increase the power output of the cyclonic type vertical axis 

wind turbine.  

 

Figure 2.19: (a) cowling device; (b) rotor including the cowling [86] 

2.8.2 Wind Curtains and concentrators for Vertical Axis Wind Turbine 

Negative torque generation contribution by the returning blade of conventional 

vertical axis wind turbine has been proved a major cause of the low efficiency of 

this type of rotor. Several investigations have been performed to minimize this 

deficiency. In this connection Burcin ,et al. [87-89], introduced a curtaining 

arrangement to avoid negative torque generation at the side of returning blades of 

the rotor.  The curtain arrangement was placed in front of the rotor to block and 

deflect wind stream approaching the returning blades as shown in figure.2.20. 

Several modifications in tilt angle of curtain were investigated to achieve the 

optimum angle for guiding deflected wind streams towards the power blade side. 

The rotor with different curtain arrangements was tested using wind tunnel and its 

performance was compared with that of the conventional rotor. The claim is that 

maximum power coefficient of the Savonius wind rotor increased to about 38.5% 

with the optimum curtain arrangement.  

The limitation of this effort is that it cancels the omni directional property of the 

vertical rotor. Omni directional characteristic of vertical rotor is very important 

property to utilize wind approaching from any direction and for working efficiently 

in the turbulent wind conditions.  
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Figure 2.20: Geometrical parameters of the curtain arrangement [87] 

Harabagiu, et al. [90] investigated a shell type curtain arrangement Vertical Axis 

Wind Turbine to minimize generation of negative torque by the rotor and improve 

its efficiency.  In this study curtain arrangement, was placed around the rotor, aimed 

to prevent the negative torque that occurs on the convex blades surface of the 

Savonius wind rotor moving against the wind, thereby causing the performance of 

the rotor to be low( Figure 2.21). Considerable positive results have been claimed by 

the authors. 
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  Figure 2.21:  Shielded wind turbine [90] 

RUS L [91], for the improvement of the power coefficient of the vertical axis wind 

turbine, used a concentrator ( Figure 2.22) in order to cancel the negative moments 

that affect the rotational movement of the rotor and to increase the speed of the 

airflow approaching to the rotor. He analyzed the behavior of the rotors for various 

stages without and with equipping various types of wind concentrators. He 

concluded the best results on improving the efficiency of vertical axis rotors, but 

reported that the property of these wind rotors to receive wind from any direction 

was cancelled when a concentrator was mounted on the rotor, and suggested that this 

solution should be adopted only in the case of predominantly unidirectional air 

currents.  

 

Figure 2.22: Savonius wind turbine equipped with a wind concentrator [91] 

CHONG, et al. [92], introduced a power-augmentation-guide-vane (PAGV) (Figure 

2.23) for efficiency improvements in VAWT. They claimed that PAGV surrounds a 

Sistan wind turbine, increases and guides approaching wind to the rotor and 

enhances its performance. They also reported 2.88 times improvements in the rotor 

torque contributions. 
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Figure 2.23: Power Augmenting devices for vertical axis wind turbine [92] 

Manganhar, et al. [93], proposed a micro vertical axis wind turbine system 

integrated with wind accelerating techniques (Figure 2.24). In the proposed setup 

various ducts converging towards the rotor blade, capable to generate positive 

torque, surround the rotor. The setup can use wind from any direction, perform 

nozzle action to accelerate the free stream wind approaching to the turbine and guide 

it to strike only on the positive torque producing turbine blades. Setup is also 

integrated with satellite dish type parabolic structure, mounted at the top of the 

funnelled structure to harness another major source of renewable energy. 

 

Figure 2.24: Micro vertical axis wind turbine system integrated with wind 

accelerating techniques [93] 
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CHONG, et al [94] introduced a shrouded wind-solar hybrid renewable energy and 

rain water harvester with an Omni-directional-guide-vane (ODGV) for urban high-

rise application as shown in Figure 2.25.  The ODGV arrangement surrounds the 

vertical axis wind turbine (VAWT), increases and guides the incoming wind speed 

before it interacts with the rotor blades. The increase in rotational speed of the 

VAWT is claimed by about 2 times. 

 

Figure 2.25: Omni-directional-guide-vane for VAWT [94] 

Chio [95], introduced an Omni-directional patent device for enclosing VAWT 

(Figure 2.26) to achieve public confidence and acceptance in the micro wind 

technology. The introduced device is claimed to have capabilities to harness the 

power optimally of the wind coming from any direction, and the rotor being 

enclosed in device hopefully will contribute sustainable performance.  
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Figure 2.26: Omni-directional patent device for enclosing VAWT [95] 

The literature concludes that the power output by a wind turbine and its 

sustainability can be improved by introducing novel systems design. Those systems 

must incorporate the local wind conditions and sustainability measures. Particularly 

in the built environment where the wind is weak and turbulent, the systems must 

have additional ability to streamline the flow and increase flow velocity in the rotor 

zone. Several efforts have been contributed to develop additional abilities in the 

wind power generating systems such as ducting of rotors, adding curtains and 

concentrators, power augmenting guide vanes and omni-directional guide vanes etc, 

to improve efficiency of the rotors as well as cover limitations of micro wind 

technology. The present work is one of the such studies. 

This study introduces an omni-directional Rotor House (RH) to improve 

performance of a conventional vertical axis wind turbine. The RH utilizes free 

stream wind parcel of area nearly double than the swept area of the rotor. Creating 

venturi effect, the RH accelerates wind flow in the rotor zone and concentrates it 

onto the beneficial location of the blade of rotor located inside the structure. This 

effort, at some extent, covers the limitations of micro wind technology.  

Solar air heater integration with this setup, have also been made to investigate 

another wind accelerating technique based on the concept “Density difference 



39 
 

causes wind acceleration". In this effort, the effects of buoyancy powered airflow on 

the performance of rotor in the WAG-RH have been estimated. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 RESEARCH METHODOLOGY  

Research methodology adopted in this study implements scientific approach to 

investigate a hypothetical concept numerically as well experimentally by 

implementing certain tools. In this research study, a wind accelerating and guiding 

rotor house is proposed to in-house vertical axis wind turbine for its efficiency 

improvements and overcome limitations of micro wind technology.  The first main 

objective of the study is to optimize the performance parameters of the WAG-RH 

geometry in terms of increase in wind speed approaching to its rotor zone by using 

Computational fluid Dynamics (CFD) techniques. The second main objective is to 

implement the numerically optimized WAG-RH concept and investigate 

experimentally its contribution for efficiency improvements of VAWT.  

Following methodology has been adopted to investigate research objectives of this 

study; 

3.1.1  Numerical investigations 

 Conceptual geometry of WAG-RH (enclosure for VAWT) comprising four 

wind deflectors was developed 

 Performance parameters of this geometry in terms of increase in velocity in 

the rotor zone were identified 

 Numerous values were assigned to each performance parameter and various 

configurations of the WAG-RH were developed 

 Configuration codes were developed to identify each configuration of the 

WAG-RH 

 To optimize performance parameters of WAG-RH numerical investigations 

were performed using ANSYS FLUENT 14.5 with CFD code 

 Four turbulence models were implemented on one of the configurations of 

the WAG-RH 
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 Turbulence model SST K-Omega was selected for further numerical 

investigations after its validation with experimental investigations dedicated 

to model validation   

3.1.2  Experimental investigations 

 Optimized WAG-RH configuration and a three bladed Savonius rotor were 

fabricated 

 Performance of the fabricated rotor was investigated, in and out of WAG-

RH, under laboratory as well as under open air conditions 

3.1.3 Solar air heater integration with the WAG-RH 

 Solar air heater simulator was developed and placed on the roof of WAG-RH 

physical model  

 Both the systems were interconnected via upper opening of the rotor zone in 

the WAG-RH 

 Changing temperature at the heater zone resulting buoyant air flow and the 

flow channel developed in the combined setup was investigated  

 Effect of buoyant air flow in the channel was investigated on the 

performance of rotor in the WAG-RH in two situations 

o In the absence of any horizontal wind flow passing through the 

WAG-RH 

o In the presence of horizontal wind flow passing through the WAG-

RH 

3.2 CONCEPTUAL DEVELOPMENT OF WAG-RH MODEL 

Simultaneous production of positive and negative torque takes place during working 

of conventional savonius rotor as shown in Figure 3.1. Since torque generated by 

power blade is always greater than returning blade, hence, rotor rotates in the 

direction of positive torque. Here, the negative torque reduces the magnitude of net 

torque generated by the rotor and the rotor efficiency; therefore, reducing negative 

torque efficiency of rotor can be increased.  
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Figure 3.1: Three bladed Savonius rotor showing torque generation process 

Present concept proposes four equidistant vertical walls (wind deflectors) tilted at 45 

degree clockwise with X and Y reference axis in surrounding the rotor as shown in 

Figure 3.2. The wind deflectors divert or deflect the wind stream (directed to the 

returning blade) towards the power blade contributing to prevent generation of 

negative torque, and increase the positive torque generation by the power blade. The 

combined action of two adjacent walls on the wind flow passing through WAG-RH, 

in this arrangement, results in venturi effect. The walls accelerate incoming wind at 

their converged end which enters in the rotor zone. The tilt angle of wind deflectors 

concentrates the wind flow and guides it to pass from one side of the rotor zone.  

The Four wind deflectors make the house omni-directional where each pair of wind 

deflectors contributes similar performance for all corresponding wind velocities 

approaching to rotor house and directions. 
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Figure 3.2: Top view of three bladed Savonius rotor showing positions of four 

wind deflectors against approaching wind to the rotor 

With placement of  a round hallow plate on  top of these walls the system takes the 

shape of an environment friendly wind accelerating and guiding rotor house (WAG-

RH) for vertical axis wind turbine, as shown in Figure 3.3. The RH is omni-

directional where the rotor can receive accelerated wind entering from any direction 

and utilize it effectively for power generation.  

 

Figure  3.3: Proposed design of WAG-RH model 
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3.3 GEOMETRICAL FEATURES OF WAG-RH 

The WAG-RH is a house for a VAWT, which improves the performance of a 

conventional vertical rotor. The geometrical features of the proposed WAG-RH 

design are shown in Figure 3.4 (b). Where D, is the diameter of the rotor house d, 

the diameter of the rotor zone, H represents the height of vertical wall, B its length 

and θ shows the tilt angle of wind deflector wall.  

 

Figure 3.4: Geometrical features of WAG-RH, (a) single channel of WAG-RH 

and, (b) complete geometry of WAG-RH comprising four channels 

The rotor house has four vertical walls, which constitute four channels converging 

towards rotor zone. The parameters A1V1 describe the flow at inlet and A2V2 the 

flow at outlet of the channel (Figure 3.4(a)), where A1 and A2 are the areas, and V1 

and V2 the velocities at inlet and outlet of the channel, respectively. The 

convergence of each channel depends on the tilt angle (contraction angle) and the 

length of the channel wall. Both, the contraction angle and the length of the channel, 

change the contraction ratio (A1/A2) of the channel, which cause variation in the 

velocity (venture effect). Higher the contraction ratio produces higher velocity. The 

length of the channel also affect  the diameter of the rotor house leading to change in 

the diameter ratio (D/d). 
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3.4  PERFORMANCE  PARAMETERS  OF  WAG-RH 

CONFIGURATION CODES 

3.4.1 Performance parameters of WAG-RH 

The investigation of WAG-RH performance in terms of increase in approaching 

wind velocity to the rotor zone is the prime objective of this study. Following 

parameters have been designated to evaluate performance of the WAG-RH.  

 Tilt angle of wind deflector wall(ϴ) 

 The ratio of house to rotor zone diameters (D/d) 

 Height of rotor house(H)  

 Angle of incidence (Ф) 

 Wind velocity (V) 

3.4.1.1 Tilt angle of wind deflector wall 

The contraction ratio (A1/A2) of any flow channel, where A1 and A2 are the inlet and 

outlet areas of the channel, is main indicator to analyze variation in velocity. Change 

in contraction ratio converges / diverges walls of channel creating variation in 

channel velocity. The convergence or the divergence of the channel depends on the 

tilt angle (contraction/ divergence angle) and the length of the channel wall.  

3.4.1.1.1 Arrangement and positions of wind deflector walls 

Initially four deflector walls were placed around the rotor zone along two reference 

axes, X and Y. Each wall was tilted at angle of 45o with each reference axis to 

develop four identical flow channels converging tangentially to the rotor zone. For 

optimization of tilt angle, one of the two walls of each flow channel was fixed at 45o 

and second wall (deflector) kept moveable for adjustment (Figure 3.5(a)). Four 

adjustments in tilt angle, such as, 30o, 40o, 45o and 50o were investigated for the 

present study (Figure 3.5).  

3.4.1.2 The ratio of house to rotor zone diameters (D/d) 

The length of the channel, at any significant contraction angle, changes the 

contraction ratio of the channel, which causes variation in the flow velocity. The 

length of the channel affects the diameter of the rotor house leading to change in the 
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diameter ratio (D/d). Three ratios such as 2, 3, and 4 were investigated for  D = 

0.4m, 0.6m, and 0.8m and d= 0.2m. 

 

Figure 3.5: Arrangements and positions of wind deflector walls around rotor 

zone  

3.4.1.3 Height of rotor house (H) 

Increase in height of rotor house improves height of rotor zone and also the capacity 

of flow channel to permit more wind to pass through the rotor zone. It certainly is 

beneficial to improve the power generation by the rotor, however, the height of rotor 

has not been investigated in this study. 

3.4.1.4 Angle of incidence 

Another variable which affects wind flow through the WAG-RH is the direction of 

the incident wind. Accordingly, there is a need for coupling the wind directions with 

geometry of WAG-RH to identify their effects on its wind accelerating 

characteristics. However investigated rotor house configurations do not have the 

fixed wind deflector angles, hence, variation in wind directions has different effects. 
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Generally, four wind directions have been investigated, covering all possible main 

directions of wind. 

Since all converging channels in RH (4, 45) configuration are identical, therefore, it 

was sufficient to investigate 0o, 30o, 45o and 60o angles of incidence for one channel, 

and represent the effect for remaining channels, however for remaining channels 

90o, and 135o are added (Figure 3.6).  

 

Figure 3.6: Investigated wind directions for rotor house configuration 

RH (4, 40) 

3.4.1.5 Wind velocity 

The main objective of this study is to accelerate wind approaching the wind turbine. 

Wind velocity is major indicator affecting the performance of a wind turbine. The 

importance of the speed of the wind is that the power generated by wind turbine is 

directly proportional to cube of wind speed. This means that if the wind speed 

doubles, the output power by the turbine will increase eight times. Here, the wind 

speed as variable investigates the percent increase in different free stream wind 

velocities contributed by various configurations of WAG-RH. 
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3.4.2 WAG-RH configuration codes 

The contraction angle and the diameter ratio are the geometrical parameters of the 

WAG-RH design. Changing these parameters, various rotor house design 

configurations can be developed. For identification of the configurations a coding 

system has been introduced based on RH (D/d, θ), where RH represents the rotor 

house. In the investigation, three variations to each parameter were found enough to 

understand the effect on the performance of the WAG-RH. For these variations, the 

values for diameter ratios and contraction angles were taken as D/d=4,3,2 and ϴ = 

30o,40o,45o (discussed in section-3.4.1). Based on this, nine RH configurations were 

developed and simulated, which are RH(4,30), RH(4,40), RH(4,45), RH(3,30), 

RH(3,40), RH(3,45), RH(2,30), RH(2,40), and RH(2,45). 

3.5 SIMULATION OF WAG-RH GEOMETRY 

The numerical simulations are performed using Computational Fluid Dynamics 

(CFD), which has been used as an essential tool [94, 96, 97], for analyzing wide-

range of wind flows in the structures such as proposed in present study. The Navier-

Stokes equations have been considered as the fundamental basis for almost all CFD 

problems in formulating the principles of conservation of mass, energy and 

momentum in the form of partial differential equations. In this study two-

dimensional steady state Reynolds Averaged Navier-Stokes (RANS) equations are 

used as governing equations, which are solved through CFD educational version of 

ANSYS fluent 14.5. The RANS method is one of the most popular methods used by 

the CFD community [98]. 

3.5.1 Turbulence model selection 

The selection of a turbulence model in any CFD code is highly dependent on the 

nature of the flow considered [99]. The change in nature of flow, changes its 

mathematical nature that can directly or indirectly affect the computational 

resources, time and accuracy of results. No single turbulence model can be 

universally applied to all situations. Some consideration must be taken when 

choosing a turbulence model including; physics encompassed in the flow; level of 

accuracy and computation resources available.  
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In the present study, at initial stage, four turbulence models, such as, K-epsilon 

standard, K-omega standard, SST K-omega, and inviscid, were implemented on the 

geometry of WAG-RH. Predictions of these four turbulence models regarding the 

contribution of WAG-RH in terms of increase in speed of wind approaching at its 

rotor zone were compared with the experimental investigations performed on the 

physical model of same geometry of WAG-RH. 

The grids of the computational domain were meshed by using GAMBIT version 

11.0. Tri/Pave meshing scheme was used to generate mesh. This scheme creates an 

unstructured grid of mesh elements and specifies that the mesh is composed 

primarily of quadrilateral elements but employs triangular mesh elements in any 

corner. Table 3.1 contains the solver setup conditions used for all ANSYS Fluent 

computations. 

Table 3.1: ANSYS Fluent solver setup   

Solver type                               Pressure-based 

Velocity formulation                Absolute 

Time  Steady 

Gravity  -9.81 m/s2 in Y 

Models Viscous SST k-ω 

Material  Air 

Scheme    Simple 

Gradient  Least squares cell based 

Pressure  Standard 

Momentum  Second-order upwind 

Turbulent kinetic energy        First-order upwind 

Specific dissipation rate         First-order upwind 

 

3.5.2 Experimental investigations dedicated to model validation 

It is important to perform model validation studies to build confidence in the CFD 

simulation results. The validation of the CFD simulation results can be done by 
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comparing the results with in-situ measurements or wind tunnel tests [100]. For real 

built cases, it is preferable to use validation technique which uses in-situ 

measurements [101].  

Data from traditional experiments are generally inadequate for purposes of model 

validation because of lack of control or documentation of some experimental 

parameters or inadequate measurement of specimen response. So for model 

validation and verification, it will usually be necessary to perform experiments 

dedicated to model validation [102].  

However, for comparing numerical results, it would be impractical to compare each 

configuration with wind tunnel tests as this requires building several scaled models 

which is uneconomic and time consuming [103-106].  

In the present study, one of the several design configurations of WAG-RH was 

fabricated to perform experimental investigations (Figure 3.7) dedicated to 

numerical model validation. Dimensions of the selected design of rotor house for 

model validation were:  

 Diameter of the rotor house (D) = 0.8 m,  

 Diameter of the rotor zone (d) = 0.2 m, 

 D/d = 4 

 Tilt angle of deflector wall(θ) = 45o 

 Height and length of the wind deflector walls (H) = 0.3 m and (B) = 0.3 m, 

respectively  
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                          (a)                                                                    (b) 

Figure 3.7:  (a) RH(4,45) configuration of WAG-RH geometry and (b) 

manufactured model of RH(4,45) 

The performance of WAG-RH model in terms of wind speed amplification was 

studied using subsonic open type wind tunnel available at Quaid-e-Awam University 

of Engineering, Science and Technology Nawabshah (Figure 3.8) and compared 

with numerically simulated performance parameter. The WAG-RH was placed in 

front of the wind tunnel opening having dimensions of 0.3m x 0.3m. The 

measurements were performed at 5 m/s wind speed from wind tunnel.  

 

                                   (a)                                                            (b) 

Figure 3.8: (a) Experimental setup and (b) Experimental layout  

The velocity variations were measured at five fixed points in the stream-wise 

direction in the rotor zone as shown in Figure 3.8(b). The wind speed measurements 
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were performed using TES-1340 Hot-Wire Anemometer having accuracy of ±3% of 

reading ±1%FS 

The contour plots of velocity magnitude developed by four different turbulence 

models are shown in Figure 3.9. K-epsilon standard and SST K-omega show clear 

flow pattern and their predictions are mostly identical.  

 

Figure 3.9: Contour plots of four turbulence models predicting variations in 

5m/s wind velocity passing through WAG-RH 

The little difference in their predictions is only the adverse pressure which the SST 

K-omega pointed out in the flow striking with the exit wall. SST K-omega is 

sensitive to adverse pressure and shows that the flow exits through two diverging 

outlets of WAG-RH geometry where as K-epsilon standard is less sensitive to 

adverse pressure and predicts single path for exiting flow.  K-omega standard agrees 
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little bit with SST K-omega and K-epsilon standard but inviscid model is miss fit, 

here, which even does not show any proper flow pattern. 

Graphical representations of the predictions by four turbulence models and the 

experimental results for the performance of same WAG-RH configuration have been 

compared in Figure 3.10. The figure indicates variations in 5m/s velocity magnitude, 

predicted by four turbulence models and experimental investigations, for flow 

passing through the rotor zone of WAG-RH in the stream wise direction.  

 

Figure 3.10: Variations in 5m/s wind velocity passing through WAG-RH, 

predicted by four turbulence models and experimental 

investigations 

The Figure 3.10 point outs that the experimental investigations for WAG-RH 

performance, dedicated to model validation show good agreement with the 

predictions by k-ε(std) and k-ω(SST).  

The SST k-ω model carries the combination of k-ω turbulence model (robust for 

near walls) and the k-ε model (suitable for away from walls) [98]. More over SST k-

ω model behaves well in adverse pressure gradients and separating flow pattern 

[107], it is important for prediction of pressure losses in such structures. Historically 
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standard two-equation models miss the separation and predict attached flow even for 

strong pressure gradient flows but SST model is one of the most accurate two-

equation models for separation prediction.  

For the present study SST k-ω turbulence model was selected, which is successfully 

applied by Chong et al. [94, 108]  for such type of structures, adopted in these 

simulations.  

3.5.3 SST K-Omega turbulence model  

 The shear stress transport K-Omega model is the only variation of the standard k-

omega model available in FLUENT.  It was developed by Menter and Rumsey [98] 

using the standard k-omega model and a transformed k-epsilon model. The main 

difference is the way in which the model calculates the turbulent viscosity to 

account for the transport of the principal turbulent shear stress.  This model also 

incorporates a cross-diffusion term in the ω equation and a blending function to 

allow proper calculation of the near-wall and far-field areas. The blending function 

triggers the standard K-Omega model in near wall regions and triggers the K-

Epsilon-like model in areas away from the surface.  These differences make the SST 

model more precise for a larger variety of flows than the standard model. The 

transport equations for k and ω are given by[107]; 

 
𝜕

𝜕𝑡(𝜌𝑘)
+

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝑢𝑡

𝜎𝑘
)

𝜕𝑘

𝑥𝑗
 ] + 𝐺�̃� − 𝑌𝑘 + 𝑆𝑘                               (3.1) 

 
𝜕

𝜕𝑡(𝜌𝜔)
+

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑢𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝑢𝑡

𝜎𝜔
)

𝜕𝜔

𝑥𝑗
 ] + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔              (3.2) 

where 𝐺�̃� represents the generation of turbulent kinetic energy the arises due to 

mean velocity gradients, 𝐺𝜔 is generation of ω, and 𝑌𝑘  and 𝑌𝜔  represent the 

dissipation of k and ω due to turbulence.  𝑆𝑘  and 𝑆𝜔 are source terms defined by the 

user. Where 𝐷𝜔 is the cross diffusion term which will be described below. 

The term for production of turbulent kinetic energy, 𝐺�̃� is determined slightly 

different from the other models and is defined as;  

 𝐺�̃� = min(𝐺𝑘 , 10𝜌𝛽∗𝑘𝜔)   



55 
 

where 𝐺𝑘  is defined in the same way as described in the previous models.   The term 

for the production of ω, 𝐺𝜔 is defined as;   

𝐺𝜔 =
𝛼

𝑣𝑡
 𝐺𝑘                                                                                                                       (3.3)  

The turbulent viscosity is computed by equation; 

𝑢𝑡 =
𝜌𝑘

𝜔

1

max [
1

𝛼∗ ,
𝑆𝐹2

𝛼1 𝜔
]
                                                                                               (3.4) 

where S is the strain rate magnitude and  α∗ the damping coefficient.  The turbulent 

Prandtl numbers which were constant in the standard model are equated below and 

incorporate the blending functions F1 and F2.  Blending functions have been added 

to the SST model to ensure that the model equations behave appropriately in both 

near wall and far field zones. 

𝜎𝑘 =
1

𝐹1

𝜎𝑘,1
+ (1 − 𝐹1)/𝜎𝑘,2

                                                                                          (3.5) 

𝜎𝜔 =
1

𝐹1

𝜎𝜔,1
+ (1 − 𝐹1)/𝜎𝜔,2

                                                                                         (3.6) 

Where; 

                   𝐹1 = tanh (∅1
4)                                        𝐹2 = tanh (∅2

2)  

The cross diffusion term, Dω blends the standard k-epsilon model and the standard 

k-omega model and is defined as 

 𝐷𝜔 = 2(1 − 𝐹1)𝜌𝜎𝜔,2

1

𝜔

𝜎𝑘

𝜎𝑥𝑗

𝜎𝜔

𝜎𝑥𝑗
                                                                               (3.7) 

The constants specific to the SST k-omega model are defined as[107];  

           𝜎𝜔,1 = 2.0,  𝜎𝜔,2 = 1.168,  𝜎𝑘,1 = 1.176,  𝜎𝑘,2  = 1.0,  𝛼1 = 0.31 
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3.6  EXPERIMENTAL INVESTIGATIONS OF ROTOR  

 PERFORMANCE IN AND OUT OF WAG-RH 

3.6.1 Selection of rotor  

Since, the present study is focused at wind accelerating techniques to improve the 

magnitude of force of incoming wind at the turbine blade and not the innovative 

design of the turbine rotor, therefore, any one of the conventional design of rotor can 

be selected to test the proposed concept. 

The turbine is a mechanical system or machine that converts wind power into 

electrical or mechanical power.  There are many types of the systems to convert 

power of air stream to mechanical/ electrical power which can be classified based on 

aerodynamic functions and structural designs. Some rotors use drag effect of air 

stream over surfaces others use aerodynamic lift effect. The aerodynamic “Tip-speed 

ratio” of rotors determines the capacity of rotors in terms of speed. Easy recognition 

is more possible in constructional design classification. Position of wind rotor and 

axis of rotation are the most obvious characteristic of wind turbine, classified as 

horizontal axis and vertical axis wind turbine (Figure3.11) [110-112]. 

 

Figure 3.11: Wind turbines with (a) horizontal axis and (b) vertical axis of 

rotation [112] 
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 Vertical axis wind rotors are the first type of wind energy convertors seen in the 

world. The most apparent advantage of VAWT is that it can operate in all wind 

direction and thus they are built without using any yaw mechanism [113]. Savonius 

Rotor, a pure drag type rotor was initially used than an aerodynamic blade (Darrieus 

rotor) was chosen for the vertical axis design which has a turning like shape with 

vertical axis rotation. H-rotors, which have straight blades connected to shaft by 

struts, were developed as a variation of Darrieus rotors [114]. Few examples of the 

VAWT rotor configurations are shown in Figure 3.12.  

Savonius rotor is selected for the present study, due to its self starting nature that 

enables it to be rotated at low wind speed. It possess very high starting torque and 

simple construction as compared to other vertical axis wind designs [115]. Savonius 

rotors [116] were used whenever cost or reliability is much more important. 

 

Figure 3.12: Various VAWT rotor configurations [114] 

3.6.2 Rotor model construction 

The rotor model,  used in this study, has been manufactured in accordence with the 

dimenssions of the wind tunnel used in the experiment and the data received from 

litrature review. Aspect ratio has been conciderd an important design parameter for 

rotors which shows greater impact on their performance. Brusca, et al. [117] 
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suggests that to maximise power coefficient, the rotors aspect ratio should be as 

small as possible. Saha [118, 119], investigated three bladed savonius rotor with 

aspect ratio of 1.83.Three bladed savonius rotor with same aspect ratio has been 

fabricated for the present study in order to get comparison of results easy with the 

litrature. Aluminium plate of 0.002m thickness is used for blade construction which 

is light in weight and can be used to get maximum possible output power at much 

low wind speeds.  

 

Figure 3.13: CAD model of  three bladed savonius rotor used for investgation 

Here, the objective was to construct a model of micro VAWT. The  best  model  is  

one that  satisfies  the  requirements  of project with minimum  cost  and  time  

consumption. The main consideration was to investigate the idea of wind 

accelerating techniques for vertical axis wind turbines. The idea was solidified by 

using criteria mentioned below; 

 Development of wind tunnel testing size, micro vertical axis  rotor 

 Minimum manufacturing time and cost 

 Maximum  flexibility  of  design  to  be  used  for  further studies  

Main components of rotor manufactured and used to analyze in this study are as 

under;  

The savonius blades, selected for this study are very simple to be constructed. These 

are semi-cylindrical blades as shown in Figure 3.14, and their operation is based on 
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the effect of aerodynamic drag. The concave side of the blade have greater co-

efficient of friction then the convex side to receive more force from the wind 

causing rotational motion effect. Aluminum sheet of 0.002m in thickness was used 

to fabricate savonius blades, due to its light weight and strength characteristics 

[120]. Roll bending technique was used to assign proper curvature to each blade. 

Three holes of 0.005m diameter were drilled on the side corner of each blade to fix 

them on the rotor shaft cylinder. The blade size of 0.09m x 0.165m was selected for 

this study to get aspect ratio of 1.83,   preferable for savonius rotor [118]. 

A hallow aluminum shaft of 0.02m outside diameter, 0.01m inside diameter and 

0.005m wall thickness was selected due to following reasons;  

 Hallow shaft posses more tortional strength as compared to  solid shafts 

[121].   

 Easy to fix blades 

 Light in weight 

 

 

Figure 3.14: Three bladed Savonius rotor blade orientations and dimensions  

3.6.3 Experimental setup 

The testing of conventional rotor with and without WAG-RH were performed  using 

two testing conditions such as laboratory and open air conditions. A schematic 

diagram of laboratory testing experimental setup and a view of open air test setup 

are shown in Figure 3.15. Wind tunnel, savonius three bladed rotor and WAG-RH 
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are three main componants of laboratory experimental setup. Subsonic open type 

wind tunnel is used as an auxiliary wind source with an adjustable damper to control 

exit velocity. The exit of wind tunnel is 0.3m X0.3m square in section and can 

provide wind in the range of 1 to 15m/s. Rotor house along with rotor has heen 

installed at 1.5m downstream the exit of wind tunnel in order to provide uniform 

flow. The rotor shaft is supported vertically with steel structure which consists ball 

bearings to provide effective resistance against axial and radial forces and moments 

on the rotor setup. The lower end of shaft was extended to 0.05m, to measure 

mechanical power available on the shaft.  Pulley of 0.05m external diameter was 

introduced to fix at lower end of shaft to measure torque generated by the rotor by 

applying load on the shaft through friction belt. 

 

Figure 3.15: Experimental Setups, laboratory and open air testing of rotor in 

and out of WAG-RH 

3.7 ROTOR POWER CALCULATIONS 

A Savonius design depends on the pressure of air against the rotor blade to produce 

torque. The projection of an imaginary surface developed after rotation of rotor on 

vertical plane is called swept area. In case of VAWT it is rectangular area facing 

wind beam of same area, such as, 

Swept area (A)=H x D(m2)                                                                                    (3.8)  

Where  H = Height of rotor blade and  D= Diameter of rotor 
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Swept area is a design parameter required to calculate the power available in the 

wind beam that hits the rotor. The mathematical model to determine the power 

available in the wind beam of swept area A is; 

                   Pw =
ρAV3

2
                                                                                                      (3.9) 

Where,  

 Pw = the power available in the wind beam of cross-sectional area (Watts)   

ρ =the density of water (kg/m3) 

A= the swept area of Savonius rotor (m2)  

V = the speed of wind (m/s) 

The limiting power co-efficient of any design of rotor, determined by Betz, is Cp 

(max) = 0.59. According to this law, no turbine can extract power from wind more 

than this value. The value of Cp varies from design to design. The real achieved 

value of Cp, even in the best designed wind turbines is well below the Betz limit. It 

is not more than 0.45 [122].   

Hence, the power co-efficient needs to be incorporated in wind power equation(3.9) 

to determine extractable power from the wind beam that hits the rotor and is given 

by; 

                𝑃𝑚 =
𝜌𝐴𝑉3𝐶𝑝

2
                                                                                                 (3.10) 

Where,  

Pm is the extractable mechanical power, Cp is co-efficient of performance of the 

rotor and ½ ρAV3 is the power of upstream wind (Pw) that hits the rotor . 

Rearranging above equation of power we can have relation for co-efficient of 

performance, 

                  𝐶𝑝 =
𝑃𝑚

𝑃𝑤 
                                                                                                         (3.11) 

The mechanical power of the rotor can be determined by measuring the mechanical 

torque on the rotating shaft and rotational speed.  

                 𝑃𝑚 = 𝑇Ѡ(𝑊)                                                                                                   (3.12) 

Where, 
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T is the mechanical torque and ω is the angular speed. 

The Wai Heng Electronic scale was used to measures the force F(N) acting on the 

rotor shaft through friction belt on the pully of radius R(m). From this data 

mechanical torque generated by the rotor was calculated by using equation(3.13). 

                   𝑇 = 𝐹𝑡 ∗ 𝑅                                                                                                                   (3.13) 

Where, 

T is torque (N-m) 

The angular speed is defined in rad/s as: 

                ω= 
2πN

60
                                                                                    (3.14) 

Where, 

N is the rotational speed of shaft in rpm. 

3.8  SOLAR INTEGRATED WAG-RH 

In this setup the optimized configuration of WAG-RH was integrated with solar air 

heater to introduce another wind accelerating technique based on the concept, 

“density change causes wind accelerations”. This part of the study aims at adding 

another green energy element with the wind and to evaluate integrating effects on 

the contribution of WAG-RH for improvements in rotor efficiency.  

WAG-RH has a flat roof with circular opening of diameter equal to the diameter of 

rotor zone at its centre. The flat roof has been used, in this study to install a solar air 

heater.  A chimney shape solar air heater simulator is developed and used to 

investigate the concept. The air heater consists of a horizontal hallow circular flat 

area, a transparent plastic sheet for glazing, a small vertical tower and electric 

heater. The size of air heater with tower is taken same as the size of WAG-RH, i.e., 

diameter of heater area 0.8m and over all height of air heater including tower 0.3m.  
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Figure 3.16: Test rig assembly of solar integrated rotor house for vertical axis 

wind turbine showing WAG-RH model and air heater 

The air heater heats up the air available in the heater space zone, changes density of 

air and generates flow in the air creating buoyancy effect. The buoyant flow intakes 

air from the upper circular opening located at the centre of WAG-RH roof and exits 

air from the tower located at the centre of air heater as indicated in Figure 3.16. The 

air flow channel (HV-Channel) starts horizontally from the inlet of WAG-RH, 

diverts vertically via upper opening of rotor zone (heater inlet) and ends at tower 

exit. 

Here, there were two objectives of study, (i) to investigate air velocity and 

temperature in the HV-Channel. (ii) To investigate effect of air velocity developed 

in the HV-Channel on the performance of wind rotor in the WAG-RH.  These 

objectives were investigated in two situations, (i) in the absence of any wind flow 

passing horizontally through the WAH-RH, and (ii) in the presence of any wind 

flow passing horizontally through the WAG-RH using wind tunnel.  
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3.8.1 Air velocity and temperature in the HV-Channel 

Heater zone temperature (HZT) has been taken as a main variable to investigate the 

development of buoyant air velocity and temperature in the HV-Channel. PID 

temperature controller was used to control the electric heater and temperature in the 

heater zone. Three values of heater zone temperature such as, 50oC, 60oC, and 70oC 

were used to investigate the development of buoyant air velocity and temperature in 

the HV-Channel. Solar air heaters are generating such temperatures, commonly in 

their collector space [40, 41]. Temperature and air velocity at various points were 

measured using thermocouples and hot wire anemometer respectively. The 

development of buoyant air velocity and temperature in the HV-Channel were 

investigated in two experimental conditions, (i) in the absence of any wind flow 

passing horizontally through the WAH-RH, and (ii) in the presence of various wind 

flows (Vin = 1, 2, 3, 5, 7, 9m/s using wind tunnel )  passing horizontally through the 

WAG-RH.  

3.8.2 Effect of air velocity, in the HV-Channel, on the performance of 

rotor in the WAG-RH 

The developments of air velocities in the HV-Channel, discussed in section-3.8.1, 

were investigated for effect on the performance of the rotor available at the rotor 

zone of the WAG-RH.  

3.8.3  Vertical-Horizontal Co-Axial Blades Combination (VHCBC) 

Technique 

The investigations from section-3.8.1, showed significant air flow developments in 

the HV-Channel but, section-3.8.2, indicated no or insignificant effect of such air 

velocity development in the HV-Channel, on the rotor performance in the WAG-

RH. The reason was that the savonius rotor was capable only to use horizontal flows 

from the wind tunnel whereas the vertical flow in the HV-Channel was ineffective 

for this rotor.   

VHCBC technique was developed in this study and implemented to utilize both the 

flows (horizontal by wind tunnel and vertical by buoyancy) for harnessing more 
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energy. In this technique four blades of horizontal axis setup were fixed at the upper 

end of shaft of vertical axis rotor to trap vertical air flow at the air heater inlet. 

3.9  INSTRUMENTS USED IN THIS STUDY  

3.9.1 Wind Speed Measurement 

Measurements of wind speed were carried out using TES-1340 Hot-Wire 

Anemometer ( measuring range 0.1-30m/s, resolution 0.01m/s, accuracy ±3% of 

reading) and Casella NOMAD Portable Weather Station with SENSUS Data-logger 

(wind speed measuring accuracy: ±0.3 ms-1 below 3 ms-1 and ± 1% over 3ms-1) as 

shown in Figure 3.17 and 3.18, respectively.  

 

Figure 3.17: TES-1340 Hot-Wire Anemometer 

 

Figure 3.18: Casella NOMAD Portable Weather Station with SENSUS Data-

logger  
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3.9.2 Rotational speed measurement 

HT4200 Digital Handheld Non-Contact Tachometer, with measuring range 4 to 

50,000 RPM with accuracy ±1 RPM, at low velocities (Figure 3.19) was used to 

measure rotational speed of rotor. 

 

Figure  3.19: HT4200 Digital Handheld Non-Contact Tachometer 

3.9.3  Torque measurement  

The load cell comprising Wei Heng, Portable Electronic Scale of Model:WH-A04 

(Figure 3.20) available in the workshop of QUEST Nawabshah was used to measure 

the torque generated by the rotor (with accuracy = 0-10kg/5g, 10-45kg/10g). 

.  

 

Figure 3.20: WeiHeng, Portable Electronic Scale 
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3.9.4  PID temperature controller  

PID temperature controller as shown in Figure 3.21 is an instrument used to control 

temperature ( accuracy, ±5℃ for 0-199℃). The temperature controller takes an input 

from a temperature sensor and has an output, connected to a control element such as 

a heater or fan. To accurately control process temperature without extensive operator 

involvement, a temperature control system relies upon a controller, which accepts a 

temperature sensor such as a thermocouple or RTD as input. It compares the actual 

temperature to the desired control temperature or a set point and provides an output 

to a control element. 

 

Figure 3.21: DX7, Digital PID Temperature Controller  
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 INTRODUCTION 

The prime objective of this study was to introduce a rotor house for vertical axis 

wind turbine which can provide better working environment to the rotor and 

contribute improvement in its efficiency. Here, the results of numerical 

optimizations of the proposed rotor house geometry has been discussed , for two 

cases, (i) maximum increase in the wind speed approaching to the rotor zone and, 

(ii) wind flow concentration at the most beneficial location in the rotor zone. The 

results about experimental investigations of WAG-RH contributions and the 

contribution of solar air heater integration with the WAG-RH, for improvements in 

the efficiency of Savonius rotor, have also been discussed in this chapter.  

4.2  OPTIMIZATION OF WAG-RH PERFORMANCE 

PARAMETERS  

Performance parameters of WAG-RH discussed in section-3.4.1 are given below 

which are optimized numerically using CFD technique. SST K-ω turbulence model 

is implemented after its proper selection and validation.  

4.2.1. Tilt angle of wind deflector wall 

The RH configurations developed on the basis of change in tilt angle described in 

Section-3.4.2 were tested at various inlet velocities. Here, performance of each RH 

configuration is analyzed in terms of increase in free stream wind velocity, 

particularly in the rotor zone, along the stream-wise direction. The contour plots of 

velocity magnitude shown in Figure 4.1(a,b,c) indicate variations in wind subjected 

at  in 5m/s free stream wind velocity approaching to the various configurations of 

WAG-RH based on tilt angle of deflector wall. The developed flow pattern in each 

configuration shows location of wind concentration as well as accelerations along 

the path of flow. Thus this study focus is to analyze the rotor zone of the WAG-RH, 

so that the appropriate geometry of rotor house can be decided.  
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(a)                                                                     (b) 

 

(c) 

Figure 4.1: Velocity contours plots for 5m/s inlet wind velocity passing through 

various configurations of WAG-RH 

From Figure 4.1 (a), the configuration RH(4,30) concentrates and accelerates the 

flow passing through  the rotor zone but not striking at the beneficial location 

whereas, configurations RH(4,40) and RH(4,45) reflect approximately similar 

behavior in location of flow concentration and acceleration as shown in Figure 

4.1(b,c). For more clarifications of these velocity contour plots, the graphical 
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representations developed for velocity ratio and percent increase in free stream wind 

velocity in the rotor zone contributed at 5m/s and at five different velocities 

respectively, are shown in Figure 4.2. 

Figure 4.2 (a) presents the comparison among three RH configurations in the form 

of velocity ratio (V2/V1) for inlet velocity of 5 m/s at five fixed points in the rotor 

zone in stream-wise direction. The results reflect 1.5 times increase in inlet velocity 

in case of RH(4,45) configuration, it is 14% greater than the improvement 

contributed by RH(4,40)  and 20% greater than the improvement achieved with 

RH(4,30) configuration. It shows that the configuration RH (4,45) gives better 

performance in terms of velocity increase as compared to other two configurations. 

 

Figure 4.2(a): Velocity ratio developed by three RH configurations for 5 m/s 

inlet wind velocity 

The configuration RH(4,30) contributes 20-25% increase for five selected inlet 

velocities (1,3,5,7,9)m/s. Similarly, RH(4,40) gives 33-35% and RH(4,45) 41-49% 

for the same inlet velocities as shown in Figure 4.2(b).  
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Figure 4.2(b): Increase in inlet wind velocity contributed by three RH 

configurations for five different wind velocities 

4.2.2 Angle of incidence 

It is obvious from section 4.2.1 that the performance of rotor house configurations 

RH(4,45) and RH(4,40) based on effects of tilt angle of wind deflector walls are 

better and close to each other. Hence the investigation of wind direction effect can 

be limited to RH(4,45) and RH(4,40). Further the effect of wind direction on the 

performance of RH configurations is analyzed by changing the angle of incidence.  

The Figures 4.3 and 4.4 show contours of velocity magnitude developed by RH 

configuration RH (4, 45) and RH (4, 40) respectively, for four different wind 

directions (0 deg, 30 deg, 45 deg, and 60 deg) when wind at 5m/s velocity is allowed 

to pass from rotor houses. 
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Figures 4.3: Countours of velocity magnitude developed by RH(4,45) at 5m/s 

inlet velocity for various wind directions 

These contour plots indicate variations in 5m/s free stream wind velocity, from 

various directions, approaching to two configurations of WAG-RH. The developed 

flow patterns in each configuration for various angles of incidence depict location of 

wind concentration as well as accelerations along the path of flow.  
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Figures 4.4: Contours of velocity magnitude  for  RH(4,40) at 5m/s velocity for 

four different wind directions 

The contours of velocity magnitude are discussed through Figure 4.5, it compares 

the velocity variations in the rotor zone along the stream wise directions.  
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(a) 

 

(b) 

Figure 4.5: Velocity ratio developed by two RH configurations in the rotor zone 

for 5m/s inlet wind velocity entering from four different directions  

The Figure 4.5 indicates the velocity variations through the rotor zone in stream 

wise direction for RH(4,40) and RH(4,45) at inlet velocity of 5 m/s for various 

angles of incidence Ф=0o,30o,45o,60o. According to Figure 4.5 (a), RH(4,40) 
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configuration contributes maximum as 1.38 times increase in inlet velocity at 0o and 

for rest of the angles of incidence produces  up to  1.25 times increase. Looking at 

Figure 4.5 (b), it has been observed that RH(4,45) gives  good velocity ratios at 0o 

(1.5 times) and at  45o (1.6 times)  increase in inlet velocity. The optimum values of 

velocity ratio at different angles of incidence for both configurations are 

summarized in table 4.1. 

Table 4.1: Optimum values of velocity ratio 

 

RH 

Configurations 

Angle of incidence (Ф) 

0o 30o 45o 60o 

RH(4,40) 1.38 1.2 1.2 1.15 

RH(4,45) 1.5 1.25 1.6 1.12 

 

4.2.3. Diameter ratio 

The analysis presented in Sections 4.2.1 and 4.2.2 reflected very good performance 

for RH(4,45) configuration,  thus, further investigation is carried out for  RH(2,45) 

and RH(3,45) configuration to optimize the diameter ratio. For this purpose, 

simulations were performed for these three configurations and results are depicted in 

Figure 4.6.  

The figure demonstrates contours of velocity magnitude developed for RH(2,45), 

RH(3,45) and RH(4,45) configurations at Vin =5 m/s and Ф =0 . It clearly indicates 

that each design configuration collects the free stream wind parcel of an area 

approximately equal to the projected area of design configuration, concentrates and 

accelerates it in the rotor zone. It is also obvious that the walls divert and guide the 

flow to pass through half of the rotor zone, which could be beneficial to minimize 

the generation of negative torque and generate more positive torque when the rotor 

will operate in this zone. 
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Figure 4.6: Contour plots showing the flow pattern developed by three RH 

configurations for Vin =5 m/s  

Further, in comparison of  RH(2,45),  RH(3,45) and RH(4,45)  configurations, more 

stream-lined and concentrated flow pattern has been observed for RH(4,45) in the 

rotor zone. In order to understand the contour results, graphical representation of the 

flow patterns is presented in Figure 4.7. This figure indicates that the increase in 

diameter ratio (D/d), increases velocity ratio inside the rotor zone. 
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Figure 4.7: Velocity ratio developed by three RH configurations based on 

diameter ratio for Vin=5 m/s  

4.2.4. Wind Velocity 

Performance of optimal configuration RH(4,45) has been verified in the context of 

wind velocities of V=(1,3,5,7,9) m/s at Ф=0o. The variations in wind velocity 

magnitude and velocity ratio in the rotor zone in stream-wise direction are shown in 

Figure 4.8.  

 

                                (a)                                                                   (b) 

Figure 4.8: Variations in velocity magnitude and velocity ratio contributed by 

RH(4,45) for different inlet wind velocities 
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The figure.4.8(a) demonstrates that with the increase in inlet velocity, the velocity 

magnitude in the rotor zone increases significantly. For the quantification of change 

in velocity magnitude, velocity ratio is estimated as given in figure.4.8 (b). The 

figure indicates that for all inlet velocities, there is 1.5 times increase in inlet 

velocity in the rotor zone.  

4.3 TURBULENCE LEVEL IN WAG-RH 

Turbulence level in any fluid flow path can be estimated through turbulence 

estimating parameters such as turbulence intensity (TI) or turbulent kinetic energy 

(TKE). Turbulence intensity (TI%),  declares the percent of turbulence in flow and 

turbulent kinetic energy (TKE) shows strength of turbulence in flow and is the 

measure of mean kinetic energy per unit mass (J/Kg) associated with eddies in 

turbulent flow. The figure 4.9 shows the velocity vectors distribution for 5m/s free 

stream wind velocity passing through RH(4,45) configuration of WAG-RH. It is 

observed  that the duct facing the wind direction at its inlet collects wind parcel of 

area nearly double than the projected area of the rotor.  

 

Figure 4.9: Velocity vectors distribution colored by velocity magnitude for 5m/s 

free stream wind velocity passing through RH(4,45) 
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The duct contraction ratio, showing blockage effect at zone-1, reduces velocity of 

incoming wind near and at the inlet of the duct and continues to reduce during its 

passage up to exit in the rotor zone.  Flow concentration is very much clear at the 

entry of rotor zone and passes mostly from right side of rotor center due to guiding 

effect of tilt angle of wind deflector wall. This tangentially passing thick flow 

improves the torque efficiency of the rotor. Zone-2 to zone-5 are eddy zones 

showing flow circulation. By examining the eddy zones it appears that the walls act 

as obstacles in the flow that is equivalent to an injection of energy on a scale 

comparable to the size of the obstacle and cause eddy formation.  

The eddies formed behind the obstacle, then in turn, decay to smaller and smaller 

eddies and shows a turbulent cascade. As the effect of these eddy formation is 

concerned it is very clear in figure that the circulation of these eddies will support 

the rotation of rotor and seem helpful in converging and streamlining flow at the 

right side of the rotor zone.  

4.3.1 Turbulent intensity (TI) 

The contour plot of turbulent intensity (Figure 4.10) shows the distribution of 

turbulent intensity inside the WAG-RH structure.  

 

Figure 4.10: The contour plot of turbulent intensity, for 5m/s free stream wind 

passing from the WAG-RH 
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A circle in the contour is drawn to show top view of the rotor zone. X-Line and Y-

Line in the contour are shown to present locations where variations in the magnitude 

of turbulent intensity are recorded for observations.  

According to the contour plot results, the concentrated wind flow passing from right 

side of the rotor zone is stream lined and non-turbulent whereas, the blocked side of 

the rotor zone shows turbulence. Taking the graph on Y-Line shown in Figure 4.10, 

intensity of the turbulence in this zone was measured. The maximum value of 

turbulent intensity in the rotor zone, as per Figure 4.11, is 25% which exists at 

blocked side of the rotor zone and is beneficial for rotor rotation. 

 

Figure 4.11: Turbulent intensity(%) variations observed on Y-Line in the rotor 

zone of WAG-RH for 5m/s inlet wind velocity 

4.3.2 Turbulent kinetic energy(TKE) 

The contour plots of TKE (figure 4.12) shows the distribution of the turbulence 

kinetic energy inside the WAG-RH structure. According to the contour plot results, 

the turbulence kinetic energy distribution pattern is similar to the turbulent intensity 

pattern. It is weaker in the rotor zone as compared to other locations in WAG-RH 

structure. Graphical representations of turbulent kinetic energy variations on Y-Line 

are shown in Figure 4.13.  
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Figure 4.12: The contour plot of turbulent kinetic energy, for 5m/s free stream 

wind passing from the WAG-RH.  

 

Figure 4.13: Turbulent kinetic energy variations on Y-Line in the rotor zone, 

for 5m/s inlet wind velocity 
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stream wind is allowed to pass through the WAG-RH. According to the figure 

turbulence intensity is lower at the right side of the rotor zone where accelerated 

wind streams are passing and higher at the blocked side of rotor zone where low 

speed eddies circulation has been generated, as discussed in section 4.3 in Figure 4.9 

on P.81. Turbulent kinetic energy (TKE) shows the strength of turbulence in flow 

which is zero at the right side of the rotor zone where high velocity flow is passing 

and has smaller value at the blocked side of rotor zone showing eddies low speed 

circulation. 

 

Figure 4.14: Variations in turbulent intensity, turbulent kinetic energy and  

wind speed on Y-Line in the rotor zone for 5m/s inlet wind  
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Multiple WAG-RH design concepts have been investigated and favorable results 

have been observed in terms of increase in velocity. Nevertheless, final 

configuration RH (4,45) contributes better performance as compared to other 

proposed configurations. The optimized configuration RH(4,45) for any channel 

0

5

10

15

20

25

30

-0.15 -0.1 -0.05 0 0.05 0.1 0.15

Y  [m]

TKE(J/Kg) V(m/s) TI%



83 
 

with any velocity at angles of incidence Ф=0o and 45o gives nearly 1.5 and 1.6 times 

increase in inlet velocity, respectively, in the rotor house.  

4.4   EXPERIMENTAL INVESTIGATIONS OF WAG-RH 

CONTRIBUTIONS FOR IMPROVEMENTS IN THE 

EFFICIENCY OF SAVONIUS ROTOR 

Two testing conditions, laboratory and open air, were used to investigate the 

performance of  Savonius vawt with and without RH. At intial stage, both rotor 

configuration were tested at various wind velocities (1, 3, 5, 7, 9)m/s released from 

subsonic wind tunnel with zero angle of  incidence, then, the rotor with RH was 

tested for various angles of incidence. At the second stage, performance of both the 

rotor configurations was verified in the open air at available wind conditions. 

4.4.1  Wind Tunnel Testing 

The relation between wind velocity, rotational speed and static torque by the rotor 

with and without RH is indicated in Figure 4.15.  

According to Figure 4.15(a) rotor with RH takes start at 2m/s contributing 47 rpm 

and without RH it gives zero rpm. Rotor without RH takes rotation at 3m/s where it 

contributes 87 rpm and with RH rotor gives 107 rpm which shows that RH improves 

the starting charactoristics of rotor. Further, the rotor with RH delivers more rpm at 

all wind speeds and similarly the torque (Figure 4.15(b)).  
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                                    (a)                                                                         (b) 

Figure 4.15: Performance of vertical axis wind turbine without and with WAG-

RH,  interms of (a) mean rotational speed and (b) mean static 

torque for various wind velocities 

Percentage wise increase in rotatioal speed and the torque at different wind speeds is 

indicated in Figure 4.16 which ellustrates that the percent increase in static torque 

and rpm is higher at low speed winds and decreases with increase in wind speed.  

  

Figure 4.16: Increase in mean static torque and mean rotational speed of the 

rotor contributed by RH(4,45) for various wind velocities 
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At 3m/s the optimium value of rpm is 42% increased and  static torque contributed 

by the rotor with RH is  70%  increased. Iit concludes that this rotor configuration is 

a good torque generating machine.   

The Figure 4.17 shows the relationship between optimum performance coefficient 

and wind speed for rotor configuration without and with RH at various wind speeds. 

The performance coefficient for rotor configuration with RH is higher than 

performance coefficients obtained for the rotor configuration without RH. This 

increase in performance may be due to accelerated wind speed and concentrated 

wind flow contributed by WAG-RH for the rotor, working in the rotor zone. 

 

Figure 4.17:  Power coefficient of rotor with and without RH for various wind 

velocities 

The ratio of optimum power  of rotor performing with RH to the optimum power of 

rotor performance without RH(conventional rotor), indicates the ratio of power 

achieved by two configurations. The Figure 4.18 shows that the power ratio value 
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deviates the path and try to flow from outer boundries of the WAG-RH.  In such a 

way WAG-RH structure  will protect the blade failure during high speed winds.  

 

Figure 4.18: Power ratio achieved by rotor with WAG-RH for various wind 

velocities 

Verious angles of incidence such as 0o,30o,45o and 60o for each RH inlet have been 

studied experimentally at various wind speeds for this setup.  

  

Figure 4.19: Performance of rotor with RH in terms of variations in rotational 

speed and static torque at 5m/s wind speed with respect to angles 

of incidence  
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The Figure 4.19 ellustrates the relationship between (a)average rotational speed and 

(b) static torque with various angles of incedence for the rotor configuration with 

RH.  

Performance coefficient (Cp) of rotor with RH at various wind velocities with 

respect to angles of incidence have been shown in Figure 4.20, it indicates that the 

rotor with RH performs well at all wind directions for various wind speeds. 

Comparatively it is more effective for 0o and 45o  angle of incidence, hence shows 

that Vertical Axis Wind Turbine retains its omni directional nature working with 

WAG-RH. 

 

Figure 4.20: Performance coefficient [Cp] of rotor with RH at various wind 

velocities with respect to angles of incidence  
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                                      (a)                                                                   (b) 

Figure 4.21: Wind speed variations and corresponding variations in the 

rotational speed of rotor (a)with and (b)without RH, for 30 

minutes duration 

Figure 4.21 (a) shows the natural phenomenon flow of the wind in the surrounding 

areas of the testing rig and the angular speed (rpm) attained by the bare rotor. 

Natural wind velocity varies in between 2.5 m/s to 5.5m/s and the corresponding 

variation in the rpm generated are in the range of 60 - 350. The Figure 4.21 (b) 

shows the same parameters for the rotor configuration working with WAG-RH. It 

indicates wind velocity variation ranging from 2.1m/s to 5.4m/s and rotor attains 

rpm in the range of 100 to 400. The comparison of the performance parameters 

shows better contribution by the rotor configuration with WAG-RH.  

The performance coefficient has also been investigated for these two rotor 

configurations at an interval of 30 minutes for 6 consecutive days. as indicated in 

Figure 4.22. Achieved Cp values are in range of 0.04-0.05 and 0.08-0.143 for the 

two rotor configurations ( without RH and With RH) respectively.  
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Figure 4.22: Performance coefficient (Cp) of rotr with and without RH Vs 

Wind speed  

In order to understand the difference in performance of two configurations Figure 

4.23 has been developed, it shows the performance ratio of the rotor configurations 

with and without RH in the natural environment.  

 

Figure 4.23: Variation in Power ratio of rotor with and without RH Vs Wind 

speed variation 
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According to this figure, the rotor configuration with RH nicely utilizes the natural 

wind and gives 2 to 2.9 times improved performance in comparison with the rotor 

configuration without RH.  

Over all performance of the two setup conditions are graphically concluded and 

compared with previous published work presented in Figure 4.24. In this graph of  

performance comparison, the Savonius rotor investigated by SAHA(118, 119) and 

the Savonius rotor with same aspect ratio is investegated in the present work.  The 

rotor with and without RH, tested in lab as well as in the open air conditions justify 

the proposed configuration of RH for vertical axis wind turbine to enhance its 

efficiency at all wind speeds. RH improves more than double the efficiency of bare 

rotor.  

 

Figure 4.24: Performance comparison of the Savonius rotor investigated by 

SAHA(2006, 2008) and the present study 

4.5   EXPERIMENTAL INVESTIGATIONS OF SOLAR 

INTEGRATED WAG-RH 
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At the initial stage, buoyant flow in the HV-channel was developed only by 

increasing temperature in the heater zone. At each increase in the heater zone 

temperature, air velocity and temperature at three locations in the channel were 

recorded. At the second stage same tests were repeated considering the effect of 

external wind flow passing through RH on the air velocity in the HV-channel. At the 

third stage, performance of the rotor in WAG-RH was investigated for buoyant flow 

effect, without and with considering the external wind flow. About thirty readings of 

each parameter at each variation of heater zone temperature were recorded to take 

average value of the reading and avoid error occurrence in the data. 

4.5.1 Air velocity in the HV-Channel VS heater zone temperature (HZT)  

Air velocity, mass flow rate and air flow temperature at different locations in the 

HV-channel have been investigated for different heater zone temperatures, with and 

without any support from external wind flow.  

4.5.1.1 Buoyancy operated air flow 

The flow of air in the channel was developed due to buoyant effect due to density 

difference of the heated air molecules at the upper portion and natural air molecules 

at the lower portion of the flow channel. The developed air velocity and the air 

temperature in the flow channel was measured at three locations such as rotor house 

(RH) inlet, heater inlet and tower exit. Three temperature values of 50oC, 60oC, and 

70oC at the heater zone were used to generate buoyant air flow in the HV-channel. 

Solar air heaters were employed to generate temperatures, commonly, in their 

collector space. 

The velocity magnitude at RH inlet was too small to measure for all heater zone 

temperatures; however air velocity measured for remaining two locations for 

proposed temperature values is shown in Figure 4.25(a). This figure indicates the 

effect of HZT in terms of air velocity developed in the HV-Channel  at heater inlet 

and tower exit. 
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                                  (a)                                                                    (b) 

 

(c) 

Figure 4.25:  (a) Variation in air velocity (b) variation in air mass flow rate (c ) 

air temperature Vs variation in heater zone temperature 

observed at different locations in HV-channel  

It shows that the air velocity at tower exit is nearly double in magnitude than heater 

inlet. It indicates that air velocity in the HV-channel increases with increase in 

temperature of heater zone. Simultaneously, variation in air mass flow rate 

calculated at three different locations in the HV-channel is shown in Figure 4.25(b) 

and the variation in air flow temperature along the heater zone is shown in Figure 
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4.25(c). It was observed that air mass flow rate and air flow temperature increase 

with increase in the temperature of heater zone. These figures indicate that heater 

zone temperature acts as air accelerator in the HV-channel. Heated air passing 

through HV channel can be utilized for space heating and its momentum can be used 

to generate more energy. 

4.5.1.2 Buoyancy-cum-external wind supported air flow 

In this approach, external wind at different speeds was allowed to pass horizontally 

through the RH using open circuit subsonic wind tunnel and the velocity of air in the 

HV-channel was kept under observation. At first stage heater zone temperature was 

kept at ambient conditions and at the second stage, by changing heater zone 

temperature, combined effect of buoyancy and supplied wind on the air velocity in 

the HV-channel was investigated.  

The Figure 4.26 shows the effect of HZT  on air  velocity in the HV-Channel at 

supplied wind velocities of  3m/s  and 5m/s passing through the WAG-RH. Here the 

figure indicates air velocity in the HV-Channel, initially,  as a result of external wind 

flowing horizontally through the WAG-RH at room temperature (36oC). Further 

increase in air velocity results from variation in HZT. 

 

Figure 4.26: Combine effect of HZT and external supplied wind (3m/s, 5m/s) 

passing through the WAG-RH  on air velocity in the HV-channel.  
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Figure 4.27 indicates change in air velocity at heater inlet and tower exit, and Figure 

4.28, describes air mass flow rate at single entry of RH inlet and tower exit, in the 

HV-channel verses heater zone temperature for various external supplied wind. 

 

Figure 4.27: Variation in Air velocity in the HV-channel Vs HZT for various 

external supplied winds taken at (a) heater inlet (b) tower exit 

 

                                   (a)                                                                      (b) 

Figure 4.28: Air mass flow rate in the HV-channel Vs HZT for various external 

supplied winds taken at (a) single entry of RH (b) tower exit 
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space and external supplied wind improve air mass flow in the HV-channel. 
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The effect of heater zone temperature to generate and increase air mass flow in the 

HV-channel, without and with 5m/s supplied wind passing horizontally through the 

WAG-RH, using wind tunnel have been explained through Tables [4.2-4.4].  

Table 4.2 describes the effect of HZT on air velocity in the HV-Channel when 5m/s 

wind is passing through the WAG-RH.   

Table 4.2: Variation in air velocity in HV channel showing buoyancy and 

buoyancy-cum external wind supplied flow effects at various HZT 

Heater zone 

temperature(HZT) 

 

 

 

 

 

 

 

 

 

[oC] 

Average air velocity in the HV-channel 

[m/s] 

 

 

 

Velocity 

increase at 

the tower 

exit 

contributed 

by HZT 

 

 

 

 

[%] 

Buoyancy Operated 

Air Flow 

Buoyancy-cum-

External Wind 

supported air flow 

 [V= 5m/s] 

At 

RH 

inlet 

 

 

[m/s] 

At 

Heater 

inlet 

 

 

[m/s] 

At 

Tower 

exit 

 

 

[m/s] 

At 

RH 

inlet 

 

 

[m/s] 

At 

Heater 

inlet 

 

 

[m/s] 

At 

Tower 

exit 

 

  

[m/s]  

36 -   - 0.75 1.51 

50 - 0.0847 0.1694 - 0.85 1.70 12.58% 

60 - 0.089 0.178 - 1 2.05 35.76% 

70 - 0.0953 0.1906 - 1.16 2.42 60.26% 

The table indicates that in the absence of wind flow from wind tunnel there is no any 

air mass flow in the HV-channel, whereas at added heater zone temperatures air 

flow in the HV-channel has been generated and increases continuously with increase 

in heater zone temperature. Nevertheless, with 5m/s supplied wind from wind tunnel 

and at ambient temperature in the heater zone, air velocity of 0.75m/s at the heater 

inlet and 1.51m/s at tower exit in the HV-channel have been recorded. Further, with 

increase in heater zone temperature such as, 50oC, 60oC, and 70oC improvement in 

air velocity at tower exit of the HV-channel was recorded as 12.58%, 35.76%, and 

60.26%, respectively.  
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Table 4.3: Variation in air mass flow rate in HV channel showing buoyancy and 

buoyancy-cum external wind supplied flow effects at various HZT 

Heater zone 

temperature(HZT) 

 
 

 

 
 

 

 

[oC] 

Average air mass flow rate in the HV-channel 

[Kg/s] 

 

Mass flow 

rate 
increase at 

the tower 

exit 
contributed 

by HZT  

 

 
[%] 

Buoyancy operated air 

flow 

Buoyancy-cum-External 

Wind supported air flow 
 [V= 5m/s] 

At 

RH 

inlet 
 

[Kg/] 

At 

Heater 

inlet 
 

[Kg/s] 

At 

Tower 

exit 
 

[Kg/s] 

At RH 

inlet 

 
 

[Kg/s] 

At 

Heater 

inlet 
 

[Kg/s] 

At 

Tower 

exit 
 

[Kg/s] 

36 --- --- --- 0.013 0.053 0.053 

50 0.002 0.006 0.006 0.014 0.059 0.059 11.32% 

60 0.004 0.007 0.007 0.017 0.068 0.068 28.3% 

70 0.005 0.006 0.006 0.018 0.075 0.075 41.5% 

The air mass flow rate for the same configuration has been described through Table 

4.3, it shows 0.053Kg/s mass flow rate at the tower exit with 5m/s wind speed 

supplied from wind tunnel at ambient temperature.  Also by increasing heater zone 

temperature increase in the air mass flow rate at tower exit of the HV-channel were 

recorded as 11.32%, 28.3%, and 41.5%, respectively.  

Table 4.4: Variation in air temperature in HV-channel showing buoyancy and 

buoyancy-cum external wind supplied flow effects at various HZT 

Heater zone 

temperature(HZT) 

 

 

 

 

 

 

 

 

[oC] 

Average air flow temperature in the HV-channel 

[oC] 

Buoyancy operated air flow Buoyancy-cum-External 

Wind supported air flow 

 [V= 5m/s] 

At RH 

inlet  

 

 

 

[oC] 

At 

Heater 

inlet 

 

 

 [oC] 

At Tower 

exit  

 

 

 

[oC] 

At RH 

inlet  

 

 

 

[oC] 

At 

Heater 

inlet 

 

 

[oC] 

At 

Tower 

exit 

 

  

[oC] 

36 - - - 36 36 36 

50 37 39 49 36 36 45.6 

60 37 41 60 36 37 56.3 

70 38 41 69 36 37 65.9 
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Air temperature in the HV-channel has been investigated as shown in Table 4.4. 

Temperature of air flow at tower exit of the HV-channel depends upon heated space 

temperature and the air mass flow rate at the tower exit. For same values of hot 

space temperature the temperature of air leaving the tower is different for different 

air mass flow rates and shows inverse relation with the air mass flow rate.    

4.5.2  Effect of air flow in the HV-channel on the performance of VRW 

(Vertical axis Rotor in the WAG-RH) 

It has been experimentally proved that heater zone temperature based on buoyancy 

principle acts as air accelerator in HV-channel. Since, the air flow channel passes 

from the rotor zone,  flow must exert force on the rotor blades. Nevertheless, the air 

flow in the channel changes direction from horizontal to vertical without applying 

significant force on the vertical rotor in the WAG-RH, vertical axis rotor shows no 

performance at all variations in heater zone temperatures.  

Investigations were also carried out to observe the effect of air flow in the HV-

channel developed due to combined action of buoyancy and external wind on the 

performance of vertical rotor in the WAG-RH. The rotor performance in the WAG-

RH without and with integration of air heater was also tested at different wind 

speeds from wind tunnel.  

Figure 4.29 describes average rotational speed contributed by Savonius rotor in the 

WAG-RH for various wind velocities with and without solar air heater integration. 

The test results reflect  minor effect of air heater integration on the performance of 

rotor in the WAG-RH.  Here, in this figure, VRW stands for Vertical axis Rotor in 

WAG-RH, and AH stands for Air Heater.  
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Figure 4.29: Rotational speed of two rotor configurations for various wind 

velocities at 700C HZT 

4.5.3  Effect of air flow in the HV-channel on the performance of VRW 

using vertical-horizontal co-axial blades combination (VHCBC) 

Technique 

In the previous section it was indicated that the air flow channel changes direction 

from horizontal to vertical without applying significant force on the vertical rotor in 

the WAG-RH. The vertical flow starts in concentrated form from the heater inlet 

where the shaft of vertical rotor ends. VHCBC-technique mentioned in section 3.8.3 

p.65, was implemented to trap the vertical flow. Vertical air flow at the heater inlet 

was trapped by fixing, four bladed horizontal axis setup with the end of this vertical 

shaft. The trapped flow exerts force on the blades to create turning effect. Though, 

the force carried by the trapped flow being very small cannot rotate the rotor setup 

but tends it to rotate. This tendency of the trapped flow reduces the rotor inertia and 

improves the starting characteristics and  performance of rotor (when the vertical 

rotor performs using wind stream from wind tunnel). The comparative results of 

later VHCBC-technique and other configurations discussed in previous section in 

terms of their performance contributed at different wind speeds from wind tunnel are 

shown in Figure 4.30.  
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Figure 4.30: The comparative results by VRW, VRW with AH and VHCBC-

technique in terms of rotational speed of rotor contributed at 

different wind speeds from wind tunnel  at 70oC HZT 

The figure gives clear indication of benefit, in terms of improvements in rotor 

performance, contributed by air heater integration with WAG-RH when using 

VHCBC-technique.   

Investigations are further elaborated through Figure 4.31 which indicates the 

contribution of VHCBC-technique in terms of percent increase in the performance 

of solar integrated WAG-RH (VRW with AH). The figure reflects increase in the 

performance of vertical axis rotor in WAG-RH contributed by air heater integration 

with WAG-RH accompanied by VHCBC-technique at all wind speeds. 
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Figure 4.31: Increase in rotational speed of rotor in WAG-RH contributed by 

buoyancy-cum-external wind flow accompanied with VHCBC-

technique at 70oC HZT 

Further, to investigate performance coefficient for the rotor when working inside 

solar integrated rotor house, average static torque available on the rotor shaft has 

been measured at 70oC HZT for different external wind speeds as shown in Figure 

4.32.  

 

Figure 4.32: Average static torque contributed by the WAG-RH (VRW) and 

the WAG-RH using VHCBC-technique for different buoyancy-

cum-external wind flows at 70oC HZT 
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This figure also compares the magnitude of average static torque for the rotor 

performing in the rotor house (WAG-RH) without and with using VHCBC-

technique. The figure shows better performance of the rotor in the solar integrated 

rotor house based on VHCBC-technique.  

Performance coefficient of the rotor for three different cases such as bare rotor(R), 

rotor in the WAG-RH (VRW) and rotor in the solar integrated WAG-RH using 

VHCBC-technique, has been compared in Figure 4.33.  

The figure shows that both the techniques contribute well for improving 

performance coefficient (Cp) of vertical axis rotor at different external wind speeds.  

 

Figure 4.33: Performance coefficient (Cp) of various configurations of vertical 

rotor for different buoyancy-cum-external wind flows at 70oC 
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Figure 4.34: Increase in Cp of various configurations of vertical rotor for 

different buoyancy-cum-external wind supplied at 70oC HZT 

The percentage wise increase in Cp of the rotor contributed by the two techniques 

has been indicated in Figure 4.34.  Excellent improvement in  Cp of the rotor, 

particularly at low wind speeds has been contributed by the proposed  techniques. 

The power generation performance of a 1.5mX 3.3m sized 3-bladed Savonius 

vertical axis wind turbine has been calculated, being the rotor in and out of proposed 

WAG-RH, against power of wind at various wind speeds as shown in Figure 4.35.  

The proposed setup can contribute 85.74%, 90%, and 69.23% improved power over 

the conventional setup of same swept area at 5m/s, 7m/s, and 9m/s free stream wind 

velocities respectively. 
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Figure 4.35: Estimated power generation by a 3-bladed Savonius VAWT, 5m2 

swept area, in and out of WAG-RH 

Experimental investigations performed on solar integrated WAG-RH, indicated that 

the heater zone temperature generates buoyant airflow in the HV-channel, starting 

from rotor house inlet and ends at tower exit. The power of buoyant air flow 

developed in the HV-channel by the solar integrated rotor house, showed no effect 

on the performance of vertical axis rotor in the rotor house. The solar integrated 

rotor house, implementing VHCBC-Technique utilized the power of air flow 

developed in the HV-channel and improved the performance coefficient (Cp) of 

Savonius three bladed rotor from 0.042 to 0.11 (162% increased) for external wind 

supplied at  3m/s and 70oC HZT. Hot air released from air heater can be utilized 

further for space heating or drying purpose.  
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1  CONCLUSION 

In this research study a new approach  of  solar integrated wind accelerating and 

guiding rotor house (WAG-RH) for micro vertical axis wind turbine has been 

developed and investigated to lessen shortcomings of micro wind technology.  

In the support of innovative  idea, a conceptual geometry of WAG-RH comprising 

four wind deflectors was developed and its performance parameters were identified.  

Numerical investigations were performed to optimize the performance parameters of 

WAG-RH using ANSYS FLUENT 14.5 with CFD code. 

Optimized WAG-RH configuration and a three bladed Savonius rotor were 

fabricated. Performance of the fabricated rotor was investigated, in and out of 

WAG-RH, under laboratory as well as under open air conditions. 

Solar air heater as an integral part of WAG-RH was developed and investigated. 

Here, the objective was to investigate another wind accelerating technique based on 

the  “Density difference causes wind acceleration" concept and to estimate the 

effects of buoyancy powered airflow on the performance of rotor in the WAG-RH. 

The outcomes of the work carried out were  concluded as under; 

Numerical Investigation and Optimization of WAG-RH 

 Four turbulence models such as  K-ε(standard), K-ω(standard), K- ω(SST), 

 and Inviscid were implemented on geometry of WAG-RH. 

 K-ω(SST) was found in good agreement with experimental  investigation, 

 dedicated to model validation and verification, hence, was selected for 

 further analysis. 

 Multiple WAG-RH design configurations  were investigated and favorable 

 results  were observed in terms of increase in velocity at the rotor zone. 



105 
 

 The optimized configuration of rotor house RH(4,45) for various channels at 

 any velocity contributed nearly 50% increase in inlet velocity in the rotor 

 zone of the rotor house. 

Experimental investigations  

 Developed innovative geometry of the WAG-RH improved Cp of rotor from 

 0.065 to 0.128 ( 97% increase) whereas novel approach of solar integrated 

 WAG-RH, using VHCBC- technique has  improved the Cp further up to  

 0.138 (112% increase) for 5m/s wind speed .  

 The Developed unique WAG-RH encloses the vertical axis wind turbine 

 maintaining its omni-directional nature.  

 The WAG-RH possess structural flexibility to integrate with buildings in 

 built environment and  minimizes the environmental public concerns of 

 micro wind technology.  

 Solar integration with WAG-RH improves  the performance of vertical axis 

 wind turbine and also provides hot air for space heating.  

5.2  SUGGESTIONS FOR FUTURE WORK 

3-D simulation of in-house rotor is suggested for further improvements in the 

system performance. 

Performance of various conventional designs of vertical axis wind  turbine 

should be tested in the WAG-RH to select the most suitable design  of rotor 

for the rotor house. 

For the best performance of WAG-RH it might  be better to optimize the 

design of rotor dedicated to the rotor house. 

5.3  RECOMMENDATIONS 

 Wind source assessment process should be extended to urban environment to 

 promote micro wind technology in cities. 

 Based on experimental/simulated results for micro wind system it is 

 recommended that such system should be introduced in public sector 

 buildings to meat power requirements. 
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