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ABSTRACT 

Wind energy is one of the most promising alternative energy sources for the 

continuously increasing demand for worlds’ energy consumption. In recent decades, 

there has been a steady and growing demand for energy, which has led to a shift to 

renewable resources. During many decades the wind turbine design, in particular, wind 

turbine blade design has been intensively researched to extract maximum possible 

energy from the wider range of wind flows. However, there have been many 

unresolved problems in the performance of small wind turbine blades due to 

insufficient energy generation at low-velocity wind regimes. Therefore, this project 

will investigate methods to improve the performance of small horizontal axis wind 

turbines (sHAWT) operating in low wind speed sites. 

The primary cause for the reduction in energy generation at low wind velocity regimes 

was identified as the flow separation. In this project, suction and blowing techniques 

were used as active flow controls (AFC) to reduce flow separation in order to 

overcome the effect of an adverse pressure gradient (APG) and thus improve aerofoil 

performance. The data for a sHAWT with a 10 m diameter and a capacity of 25 kW 

were adopted. Two types of aerofoils were used, S823 and S822 aerofoils. Lift and 

drag coefficients were obtained with/without AFC technology. The range of tested 

angles of attack was between 0 and 21° and therefore considered suitable for predicting 

turbine performance. Suction speeds were changed to improve aerofoil performance, 

with -5 and -35 m/s suction speeds determined for low (less than 9°) and high (at least 

9°) angles of attack respectively. 

The research concluded that the deterioration of aerodynamic properties occurs at an 

AoA of 18°. It was also found that applying suction at 18% of the chord length on the 

upper surface gave good results at all angles of attack. The use of a boundary layer 

suction method delays the flow separation  from the upper surface of the blade's 

aerofoil and even prevents separation for all but the highest angles of attack. The 

purpose of this method is to reduce the momentum flow in the high-pressure areas of 

the suction surface of the aerofoil. Although the use of such technologies may improve 

the performance of wind turbines, many challenges (such as design, maintenance and 
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construction costs) must be met to reduce or mitigate the occurrence of separation in 

the boundary layer. 

Moreover, the research found that the enhanced sHAWT operated very efficiently at a 

rotational speed of 60 and 110 rpm with lower/ higher wind speeds than 9 m/s 

respectively. The rates of improvement were variable with each wind speed, so the 

average rate of improvement was 15% as a result of using the early suction (S1) 

technique. The research also demonstrated that the annual energy production  for a site 

with an average annual wind speed of 6 m/s is 22% higher compared to the selected 

standard wind turbines. 
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CHAPTER 1: INTRODUCTION 

1.1  Background 

The use of traditional, fossil fuel resources such as coal and natural gas, has contributed 

to the advancement of human civilization, helping the world to grow and prosper. 

Despite this, there is an ongoing and growing concern about the negative 

environmental impact of using these traditional resources solely. The use of coal and 

fossil fuels has contributed significantly to the global emission of carbon dioxide and 

greenhouse gas (Darwish et al., 2019). Reducing the use of these traditional energies 

and moving towards renewable sources of energy has become imperative, especially 

in developing countries (Cheng and Zhu, 2014). Wind energy is clean and 

environmentally friendly. In addition to reducing the use of traditional energy sources, 

it has also developed very rapidly in recent decades (Walker, 2015). Although their 

growth may cause potential environmental impacts as a result of building and 

operating wind turbines, wind energy is low in cost compared to other conventional 

energy sources (Maeda and Watts, 2019) and may become a more significant source 

of energy shortly (Guidolin and Alpcan, 2019); (Bahrami et al., 2019). The idea of 

extracting energy from the wind is one of the oldest strategies, which has been used 

throughout the ages (Sørensen, 2011). Wind power is the fastest-growing energy in the 

world (Flavin, 1999). Additionally, wind power production grew to 651 GW in 2019 

(GWEC, 2019) (Figure 1-1).  

 In Australia, sustainable energy generation has been facilitated by a set of measures 

that will help scientists develop new technologies through the use of renewable energy 

resources. Li et al. (2020) noted that the Australian government had set a massive 

target of 27% of Australia’s renewable electrical power needs being met by the year 

2030. Moreover, 6% of Australian electricity generation is currently produced from 

wind energy, while 86.3% is derived from fossil energy sources (especially coal), 

which is a significant contributor to the nation’s emissions of greenhouse gases. 
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Figure 1-1: Wind Energy growth in recent decades (GWEC, 2019) 

Wind is generated due to the difference in pressure between two regions as these areas 

are heated at different rates by solar radiation. Wind energy systems are usually found 

in remote or rural areas. Wind energy increases with increasing height and increases 

in open areas without obstacles.  

1.2 Wind energy benefits and challenges 

Wind energy is clean energy which does not require fuel. That is, wind energy does 

not lead to environmental pollution, as is the case with traditional coal-fired sources. 

It does not produce toxic waste as nuclear plants do. In terms of cost, it is cheaper to 

produce than solar technology. 

On the one hand, a half-meter wind turbine blade can be used to charge a battery, or 

power lighting or telecommunications equipment remotely. On the other hand, large 

scale wind turbines may generate up to 15-20 MW, as shown in Figure 1-4 and are 

used in electrical power generation. (Busby, 2012). 
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 However, the challenges facing wind-derived energy are enormous, as building a wind 

farm requires considerable capital. Moreover, if wind energy conversion systems are 

established in remote areas, this may require the transmission of electrical energy over 

vast distances, which results in the loss of some energy. Wind farms may need to be 

accessible by road to allow access by maintenance trucks and cranes. Despite all these 

challenges, the use of small turbines in the low-speed areas may solve many of these 

problems. (Busby, 2012). 

1.3 Low wind speed sites and small wind turbine 

In order to generate more energy, a larger scale wind turbine is required. In the last 

decade, a large wind turbine was developed which could generate up to 7 MW. 

However, small wind energy conversion systems are only able to generate power of 

30-300 kW. (Darwish et al., 2019). Small wind energy conversion systems are suitable 

for low wind speed sites, but their performance is usually low due to the occurrence of 

the phenomenon of laminar separation bubble on wind turbine blades (Singh and 

Ahmed, 2013). In areas of low wind speed, appropriate blades must be produced to 

work more efficiently, in order to improve performance. (Ali, 2014). 

1.4 Wind turbine category 

Wind turbines are classified into several categories, as shown in Figure 1-2. They can 

also be categorized according to their axes into either vertical axis wind turbines 

(VAWT) or horizontal axis wind turbines (HAWT) (Figure 1-3). In horizontal axis 

wind turbines, the axis of rotation is parallel to the surface of the earth and the direction 

of airflow through it. As for the vertical axis wind turbines, they are structured 

perpendicular to the surface of the earth and the direction of airflow through them. 

There are two types of Horizontal axis turbines-upwind & downwind. Each has twisted 

blades along their length, attached to one side of the rotor hub. 

Conversely, in the vertical type, the blades are connected to the rotational axis on both 

sides. The power system in the horizontal type is at the top of the turbine tower, while 

in the vertical type, it is at ground level. HAWT allows its blade to be rotated in the 
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direction of the wind, whereas in the vertical type (VAWT) this is not the case because 

it receives wind from any direction. In the horizontal type, the rotor may be located 

either in front of the tower or behind it. Vertical type turbines, however, do not exhibit 

this feature. 

HAWT and VAWT can be categorized according to their rotational speed, into either 

slow or fast running wind turbines. Low-speed turbines offer several advantages over 

their high-speed counterparts, including low rotational speeds, the capacity to use a 

large number of blades (12-24 blades is not unusual), which therefore cover a large 

proportion of the windswept surface area, a diameter range of between 5-8 metres and 

relatively high starting torques. The disadvantage of these turbines is that they generate 

low power because the mean wind speed (according to reliable weather data for that 

locality) ranges from between 3-7 m/s. in addition to the weight of the rotors being 

heavy. Therefore, it is challenging to create turbines of this type with diameters 

exceeding 10 m/s. This type is commonly used to pump water. As for fast running 

wind turbines, the number of blades utilized is limited to 2-4 blades. They are lighter 

yet generate equivalent amounts of mechanical Power.  

Figure 1-4 shows the increase in wind turbine sizes during the period from 1980 to 

2020. Wind turbines can be categorized not only by size but also by their aerodynamic 

function, in other words, the blade’s ability to create lift or drag, regardless of whether 

the power transformer catches its power from the aerodynamic drag or whether it can 

utilize the aerodynamic lift as shown in Figure 1-3 and Figure 1-5. 
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Figure 1-2: Wind energy categories (Yaramasu, 2016) 
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Figure 1-3: Types of wind turbine (Shkara, 2014) 

 

Figure 1-4: Evolution in wind turbine size (𝑃𝑇, rated turbine output power; 𝐷𝑇, 

turbine rotor diameter; 𝐻𝑇 , hub height) (Yaramasu, 2016) 
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Figure 1-5: Classification of a wind turbine according to the force type of the blade 

 (Yan, 2020) 

1.5 HAWT components 

The major part of the wind turbine is the rotor, which is consisting of a hub with blades. 

Most horizontal axis wind turbines consist of three blades. Wind energy increases with 

the diameter of the turbine, as the rotor sweep area (𝐴𝑟𝑜𝑡𝑜𝑟) increases. The full rotor 

assembly (Figure 1-61-2) is located at the top of the wind turbine and its direction 

changes according to the wind direction through the wind direction sensors. In other 

words, a sensor in the HAWT tail provides information to the wind turbine system to 

make it rotates in the wind direction using the yaw system. At high speeds, the turbines 

stop to prevent damages to the blades. The higher the wind speed, the more energy is 

generated because the power generated is proportional to the cube of the wind speed. 

In the event of an emergency, maintenance engineers obtain immediate information 

from the control systems responsible for monitoring operating conditions, such as rotor 

speed, blade angle and power output. The sensor network for the computer provides 

accurate data every ten minutes for each parameter, as a vital back-up system. (Busby, 

2012). 
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Figure 1-6: Schematic of wind turbine components (Yaramasu, 2016) 
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The horizontal axis wind turbine consists of several parts. The rotor hub is installed on 

the main shift known as the low-speed shaft. The blades transfer the kinetic energy 

into mechanical energy through the drive group, consisting of shafts, bearings, and 

gearbox. This mechanical energy is then converted into electrical energy by the 

generator, before being directed to the electrical network via a power converter system. 

Other systems are not involved in the energy conversion process but remain of great 

importance to the proper and effective operation of each turbine. These systems are 

wind speed sensors, power distribution cables, heat dissipation and lightning 

protection systems. Back-up power systems are also installed to operate the control 

systems, pitch drive and brakes. (Bin et al., 2011). 

1.6 Wind Turbine Theory 

The primary function of the wind turbine rotor is the exploitation of kinetic energy 

from the wind (Murty, 2017). The process of producing mechanical energy after its 

conversion from kinetic energy is achieved within an air tube that passes through the 

swept area of the wind turbine rotor (Sun et al., 2016). When a mass of air passes 

through the wind turbine rotor, which is like an air tube Figure 1-7, the area of the air 

tube expands, causing an increase in pressure to its maximum value accompanied by 

a decrease in wind velocity as it approaches the turbine rotor. In this process, a portion 

of the kinetic energy will be converted into latent power. Immediately behind the rotor, 

the pressure of the air mass that passes through the turbine will drop to its lowest value 

(below atmospheric pressure). Directly behind the wind turbine, there is still an amount 

of kinetic energy that will turn into potential energy to restore air pressure to 

atmospheric pressure. At this point, the wind speed will reach its lowest level, and then 

the wind will regain its original state. Under ideal conditions, the maximum 

mechanical power able to be extracted is the difference between the power differentials 

before and after the turbine, respectively. The mechanical turbine power cannot exceed 

0.593 (Betz limit) (Vennell, 2013) of wind power. This factor is called the Betz 

coefficient. In actual conditions, the turbine can extract 35-40 per cent of the wind 

power, a good indicator when considering aerodynamic problems (Johnson, 2006). 
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Figure 1-7: Circular tube of air flowing passing over an ideal wind turbine.  

(Johnson, 2006) 

1.7 Wind turbine performance 𝑪𝒑 

Wind power performance (power coefficient) is of great importance in the design and 

operating conditions of HAWT (Dai et al., 2016). The power coefficient is suitable for 

measuring wind turbine power and is the most crucial factor that must be taken into 

account to improve energy. In other words, the power coefficient is an essential factor 

to take into consideration to optimize wind turbine power and hence, energy 

production (𝐸𝑜). Furthermore, it can be defined as the ratio of wind turbine power to 

wind power (Mahmood, 2011). The relationship between wind turbine performance, 

wind power, and wind turbine power can be clarified as follows. Maximum wind 

turbine performance (𝐶𝑝) occurs only at a certain tip speed ratio (𝜆), while it decreases 

at other values of 𝜆, as shown in Figure 1-8. Also, it can be seen in Figure 1-9-a, that 

the maximum power coefficient occurs at specific wind turbine rotational speeds for 

each available wind speed. Furthermore, the optimum performance of the wind turbine 

requires the controller to achieve the maximum possible power from the turbine for all 

available wind speeds, as shown in Figure 1-9-b. But in this case, the wind speed 
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should be less than the rated wind speed 𝑉𝑟 . The rated wind speed is the wind speed 

at which the highest wind turbine power is achieved (Mahmood, 2011). 

 

Figure 1-8: wind turbine efficiencies (power coefficient 𝐶𝑝) (Abraham and Plourde, 

2014)  

 

Figure 1-9: Power coefficient (𝐶𝑝) and Power at different rotational speeds 

(RPM) and available wind speeds (𝑉1) (Darwish et al., 2019) 
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Wind power should continue to increase with increasing wind speeds. It is a function 

of three parameters, the air density, the surface sweep by the rotor 𝐴𝑟𝑜𝑡𝑜𝑟 , and the 

upstream wind speed 𝑉1. So the wind power 𝑃𝑤 can be defined as (Naama et al., 2019): 

𝑃𝑤 =
1

2
 𝜌. 𝐴𝑟𝑜𝑡𝑜𝑟 . 𝑉1

3 ………….. 1-1 

Where : 𝐴𝑟𝑜𝑡𝑜𝑟 = 𝜋. 𝑅2 (Sedaghat et al., 2017)  

The extracted power from wind energy via wind turbine can be defined from the power 

coefficient formula:  

 𝐶𝑝 =
𝑃𝑇

𝑃𝑤
   …………….. 1-2 

Where 𝑃𝑇 : the actual wind turbine power; and 𝑃𝑤 : the available wind power. 

Power coefficient is a function of tip speed ratio. Tip speed ratio can be defined as the 

ratio of rotor velocity to available wind speed, which can mathematically be defined 

as (Mahmood, 2011):  

𝜆 =
𝑅. Ω

𝑉1
=

𝑅

𝑉1

2𝜋𝑁

60
 ……………………. 1-3 

Where: R and D are the rotor radius, and Ω is blade angular velocity (rad/s), N is the 

number of blade rotation (rpm). 

Most wind turbines operate with constant wind speeds except when starting and 

stopping. Wind turbines start at a cut-in wind speed and stop at a cut-off wind speed. 

They are required to operate at design tip speed ratio (Natarajan, 2014) before rated 

wind speed. They also should operate at constant power for all wind speeds in excess 

of rated wind speed. The behaviour of the wind turbine power curve is illustrated in 

Figure 1-10. 
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Figure 1-10: Power curve of a commercial wind turbine (Yaramasu, 2016) 

Beyond the rated wind speed, a variable pitch wind turbine is required to ensure rated 

power. In order to ensure that the wind turbine power remains constant, the pitch angle 

should increase and power coefficient decrease, as shown in Figure 1-11. 

 

Figure 1-11: Power coefficient (𝐶𝑝) and pitch angle variations versus wind speeds 

(Darwish et al., 2019) 
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1.8 Significance of the Research  

Most types of wind turbines have been designed to operate in regions of high wind 

speeds. The operation of such turbines in low-speed areas would lose a lot of the 

energy available in such areas. In order to utilize this energy, sophisticated techniques 

are required to improve the performance of these turbines to match available wind 

energy in those sites.  There has been a substantial amount of research work on the 

improvement of wind turbine blade efficiency.  However, not all the causes that reduce 

energy production have been appropriately addressed.  In particular, the active flow 

control of the adverse pressure gradient (APG) boundary layer, which is the major 

cause of low energy production, has not been investigated to avoid flow separation and 

improve the wind turbine performance at low Reynolds number locations. This 

research will investigate the cause for flow separation and the remedial actions to 

mitigate the flow separation.  Furthermore, this research intends to investigate efficient 

aerofoils for small wind turbines by experimental methods and computational fluid 

dynamic (CFD) simulations.  The innovative outcomes of this research will result in a 

method to mitigate flow separation and produce improved aerofoils for wind turbines 

operating at low wind speed regimes.   

1.9 Research Objectives  

This project aims to improve the annual wind energy production by using small wind 

turbines which operate in low wind speed regions. The specific objectives are to 

 Design and manufacture the selected aerofoils (S822  and S823 aerofoils), which 

have a maximum lift coefficient and are suitable for selected small horizontal axis 

wind turbines (sHAWT) 

 Conduct experimental tests of the aerofoil's upper and lower surfaces to determine 

the flow behaviour and gain knowledge of the pressure distribution. 

 Verify CFD simulations by conducting necessary tests to ensure numerical errors 

are minimized. 
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 Analyse and validate simulations by conducting the necessary experimental tests 

to ensure that the results simulate reality. 

 Conduct an investigation (using simulation) of boundary layer separation and 

effect of the adverse pressure gradient (APG), with/without AFC techniques. 

 Explore methods to optimise the aerodynamic characteristics of the selected 

aerofoils. 

 Develop a Matlab code to predict wind turbine performance before and after 

improvements to the selected aerofoils and hence, predict wind energy production 

for low wind speed sites in Australia. 

1.10 Thesis structure 

An investigation into flow separation and improving wind energy production was 

implemented using active flow control techniques (i.e. suction and blowing) in this 

research. Wind turbine performance improvements depend on flow separation delay, 

so it is necessary to know when and how the separation state occurs and how it can be 

mitigated. 

In Chapter 1, general information about the necessity for renewable energy was 

presented. It was subsequently illustrated how wind power works, including an 

evaluation of the different types of rotors used. Then, current wind turbine challenges 

were presented and explained, and the performance of wind turbines and some related 

variables were briefly described. Finally, the research objectives and thesis structure 

were illustrated. 

Chapter 2 included the definition of aerofoil components and a general description of 

the aerodynamics of the blades. Then a literature review of flow separation, active flow 

control, and optimization wind turbine performance was implemented. Finally, the 

literature discussion and research gap were revealed. Furthermore, in Chapter 3, 

selected aerofoils suitable for small and horizontal axial wind turbines were designed 

and manufactured in addition to determining the locations of active flow control 

systems for some of these. In Chapter 4, the selected aerofoils were designed using 
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computational fluid dynamics (CFD), using suction and blowing techniques for the 

NREL S822 aerofoil identified, but without such technologies for the NREL S823 

aerofoil. Then, ANSYS software was used to perform an analysis to verify the 

simulations by performing the necessary tests to ensure that numerical errors were 

minimized. Lift and drag coefficients (𝐶𝐿 and 𝐶𝐷) were extracted in these tests. 

In Chapter 5, an analysis was conducted to validate the simulations by conducting the 

necessary tests to ensure that the results obtained from the CFD operations simulate 

reality, i.e. the results of the experimental tests. An analytical investigation was also 

carried out on the effect of boundary layer separation and APG on the aerodynamic 

properties of the selected aerofoils (NREL S822 & NREL S823). Moreover, in this 

chapter, active control techniques (suction and blowing) for delayed separation of the 

boundary layer were investigated analytically. As for the penultimate chapter (Chapter 

6), from the proposed group of techniques, the best techniques for flow separation 

control were investigated, using suction and blowing techniques. Besides, Matlab 

Code was developed to predict wind turbine performance and forecast annual wind 

energy production for low-speed regions within Australia. Three varying scenarios 

were chosen for the selected turbine: Case 1: the proposed wind turbine without any 

modifications; Case 2: the proposed turbine with aerofoils (S822 and S823) but 

without the application of AFC technologies; and finally Case 3: the proposed wind 

turbine with aerofoils and the application of optimization techniques. The ultimate aim 

of this research is to improve the annual wind energy production for specific regions 

in Australia with low wind speed by using relatively small turbines with a rotor 

diameter of not greater than 10 meters. Furthermore and in conclusion, suggestions 

and recommendations for future applications of this work were summarized in Chapter 

7. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

At low Reynolds numbers, the performance of small-sized wind turbines is relatively 

poor, due to the inefficient aerodynamic characteristics of the wind turbine blade at 

low wind regimes. The aerodynamic characteristics represented by lift and drag 

coefficients are improved by delaying the flow separation, which causes a reduction 

in power generation from the upper surface of the aerofoil. In order to achieve this, 

flow separation control techniques must be employed. Active and passive flow control 

actuators can mitigate or even suppress flow separation by delaying the stall angle and 

increasing lift, whilst decreasing drag across all angles of attack. These effects create 

an improvement in the efficiency of the aerofoil. This chapter consists of six sections. 

In addition to this brief introduction, three main topics will be covered: The first topic 

is devoted to the problem of flow separation, which occurs as a result of increasing the 

angle of attack and the resulting adverse pressure gradient (APG), which leads to a 

decrease in the performance of the wind turbine; The second axis relates to possible 

solutions which could be utilized to delay the separation and overcome this adverse 

pressure; The third axis discusses studies relating to improving the performance of the 

wind turbine and maximizing the annual energy production. 

2.2 Aerodynamic characteristics of Wind turbine 

blade’s aerofoil 

Before going into specific details of each of the above axes, it is necessary to provide 

some definitions about the variables related to the blade and an aerofoil profile. 

2.2.1 Geometric parameters of the blade’s aerofoil 

Initially, it is necessary to know the geometric parameters of an aerofoil. An aerofoil 

consists of the following components, as shown in Figure 2-1: the leading-edge, which 
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is the forward point of the mean line; the trailing edge which is the final point of the 

camber line; the mean line (Camber line), which is a line connecting the leading edge 

to the trailing edge (representing the midway of the distance between the upper and 

lower surfaces for its entire length); the chord line (C) which is a straight line 

connecting the leading edge and trailing edge; the thickness; and the camber (which is 

the maximum distance between the camber line and chord line). 

 

Figure 2-1: The geometric parameter of the blade’s aerofoil (Liang et al., 2014) 

2.2.2 The stall phenomenon  

The stall is a phenomenon which occurs when the angle of attack exceeds the critical 

angle of attack (which provides the maximum lift). Stalling can be described as the 

effect of a strong APG, which causes separation (Corten, 2001) and hence, the 

formation of reversed flow which produces eddies, which lead to reduced lift and 

increased drag. 

2.2.3 NREL Aerofoil Families for HAWTs  

In 1948, the National Renewable Energy Laboratory (NREL) along with the former 

Solar Energy Research Institute (SERI) at Delft University, designed seven aerofoil 

families (Table 2-1) for horizontal axis wind turbines (HAWT) via the Eppler Aerofoil 

Design and Analysis Code. These families consist of 23 aerofoils, which have a 
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maximum lift coefficient, and are suitable for many sizes of wind turbines blade. The 

reason for designing such sophisticated aerofoils was to eliminate the laminar 

separation bubbles (Shkara, 2014) and address the need to control the state of the stall, 

variable pitch and variable rotational velocity of horizontal axes wind turbines 

(Tangier and Somers, 1995). According to Tangier and Somers (1995), Cao (2011), 

the NREL’s S-Series aerofoils can be classified into “thin” (11% to 15% of the chord 

line) and “thick” (16% to 21% of the chord line) aerofoils. Thick aerofoils are suitable 

for stall-regulated wind turbines, whereas thin aerofoils are suitable for a variable-

pitch wind turbine. Furthermore, aerofoils with large thicknesses are suitable for 

sections near to the blade’s root for structural and dynamic considerations. However, 

aerofoils with greater than 26% thickness have undesirable aerodynamic 

characteristics (Buhl, 2012). 

Table 2-1: Aerofoil types for the NREL S-series aerofoil families suitable for 

HAWT. (Tangier and Somers, 1995) 

Blade Length 

(m) 

Generator 

Size 

(kW) 

Thickness 

Category 

 

Aerofoil Family 

(root--------------------------------------

tip) 

1 -5 2-20 Thick  S823  S822 

5-10 20-150 Thin  S804 S801 S803 

5-10 20-150 Thin S808 S807 S805A S806A 

5-10 20-150 Thick  S821 S819 S820 

10-15 150-400 Thick S815 S814 S809 S810 

10-15 150-400 Thick S815 S814 S812 S813 

15-25 400-1000 Thick  S818 S816 S817 
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2.2.4 Reynolds number  

Viscosity is a significant factor in aerodynamic performance when operating at low 

wind speeds. The lift and drag forces are affected by the viscosity, which causes flow 

separation. Reynolds number can be defined as the dimensionless quantity of the ratio 

of the forces of inertia to the forces of viscosity (Chen et al., 2017). The most useful 

form for wind turbines is:  

 𝑅𝑒 =
𝜌𝑊𝐶

𝜇
    ………………… 2-1  

Where: 𝜌 is fluid density; 𝑊 is the relative flow velocity; 𝐶 is blade chord, and 𝜇 is 

dynamic viscosity.  

2.3 Flow Separation  

When the airflow passes through the blade’s aerofoil, the boundary layer of the flow 

will remain connected along the upper surface of the aerofoil (from the leading edge 

to the trailing edge), at low attack angles. As the angle of attack increases, the 

circulation increases, the flow curvature increases at the leading edge, and suction 

become higher at the leading edge near the stagnation point. Correspondingly, the 

velocity outside the thin boundary layer becomes very high, leading to high viscous 

shear stresses, which in turn converts the kinetic energy in the boundary layer to heat. 

Here the boundary layer loses its kinetic energy bit by bit until it reaches a certain state 

and attack angle, at which it cannot flow continuously, and the boundary layer 

separates from the surface. At that point, shear stress becomes equal to zero. The APG 

will accelerate the flow towards the leading edge and generate a reverse flow (Corten, 

2001). 

In two-dimensional flow, two types of separation can be noted as in Figure 2-2: 

leading-edge separation (LES); and trailing edge separation (TES). The LES which 

occurs on a thin camber aerofoil section with a round nose can be divided into short 

bubble LES and long bubble LES. In contrast, the TES occurs on a thick camber 

aerofoil section with a round nose. As the name suggests, in short bubble LES 
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situations, a short bubble will be formed on the leading edge. Therefore, when the 

angle of attack surpasses a specific value, the bubble will burst to cause a sudden 

decrease in lift coefficient (Figure 2-3) and an increase in the drag coefficient. 

Conversely, in long bubble LES situations, when the angle of attack increases, the 

bubble grows towards the trailing edge. This occurs in low Reynolds number (less 

than 500,000). Lift coefficient decreases gradually with this type of separation. 

However, in TES situations, the separation occurs in the trailing edge region. So, when 

the angle of attack increases, the flow separation moves forward towards the leading 

edge. This type of separation occurs in thick or cambered aerofoils (15% -35% 

thickness, according to Corten, 2001) and is the most common scenario regarding wind 

turbine blades. 

When the flow velocity increases, flow separation may occur, which forms a short 

laminar separation bubble (LSB). However, the LSB may explode at high angles of 

attack, causing either a long bubble or a separate boundary layer (Marxen and 

Henningson, 2011). Either way, the lift decreases and the drag increases. At high 

angles of attack, with increasing lift, an increase in drag occurs. The optimum 

operation is when the glide ratio (the ratio of lift to drag) is at its maximum. 

 

Figure 2-2: Flow regimes within separation above aerofoil (Corten, 2001) 
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Figure 2-3: The lift –AoA(𝛼) leading to LES and TES (Corten, 2001) 

The interrelation between flow separation parameters can be explained in Figure 2-4. 

According to (Jahanmiri, 2010), when the boundary layer turns from laminar flow to 

turbulent, its separation resistance improves, and accordingly, the lift will increase. 

The laminar boundary layer (LBL) can overcome a small reverse pressure gradient 

without separation. However, when the LBL is separated, free shear stress will be 

formed, and the flow will turn turbulent at moderate Reynolds number. 

In order to fully understand, examine and demonstrate LSB, the transition to turbulent, 

followed by reattachment to the trailing edge region is an essential factor which 

designers and researchers must grasp. At low Reynolds numbers, the APG on the 

suction surface of aerofoils can cause the laminar boundary layer to separate, thus 

changing to turbulence and after that reattaching to the surface at a downstream area, 

prompting the development of an LSB. LSB is a specific type of separation that occurs 

in the leading edge of thin aerofoil sections with a round nose and low camber. This 

kind of separation occurs at low Reynolds number, i.e. less than 500,000 (Wood, 

2011); (Shah et al., 2015). 
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Figure 2-4: The interrelation between flow separation parameters (Jahanmiri, 2010) 

A study (Lei et al., 2013) was done on the symmetrical aerofoil (aerofoil SD8020) 

under low Reynolds number conditions, to investigate trailing-edge separation (TES). 

The unsteady Reynolds-averaged Navier-Stokes (URANS) was used for the solution. 

Through the corresponding analysis, it was observed that the laminar bubble burst, 

creating two types of large scale vortex on the surfaces of the aileron-namely primary 

and secondary vortices. The movement of the secondary eddies, which are more potent 

than the primary eddies in terms of the intensity of their shedding, fluctuates the lift 

coefficient. 

2.3.1 Adverse pressure gradient (APG) 

Flow separation is caused by the APG, as shown in Figure 2-5. When the angle of 

attack increases, this leads to slower flow due to the decrease in kinetic energy within 

the boundary layer. If the pressure gradient is less than zero, this means that the flow 
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inside the boundary layer will still overcome friction and shear stress will be greater 

than zero. On the other hand, when the pressure gradient is equal to zero, the shear 

stress will also be zero, and slipping will not occur, at which point separation will 

occur, and here the coefficient of friction at the wall will be zero. However, when the 

pressure gradient is higher than zero, this generates an adverse pressure gradient 

(APG), forcing the flow to go in the opposite direction, and where the separation 

process takes place where the kinetic energy of the fluid cannot overcome the APG 

(Schlichting, 2017); (Howarth, 1960). 

 

Figure 2-5: Flow separation and APG (Serdar Genç et al., 2012) 

Hansen et al. (2014) clarified that on the suction surface (upper surface) of the aerofoil, 

the APG causes the boundary layer of flow to separate, transforming to a turbulent 

state, before reattaching to the aerofoil surface, and hence, forming the LSB for low 

Reynolds number ranges of between 70,000 to 200,000. Increasing the angle of attack 

increases the bubble size towards the trailing edge of the aerofoil due to an increase in 

the APG, which has higher inertial forces. A slow circulation may occur in the LSB 

region, causing reversed flow (Serdar Genç et al., 2012). Furthermore, Yarusevych et 
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al. (2003), Yarusevych et al. (2007) experimentally investigated the boundary layer 

and wake development of a NACA0025 aerofoil at various angles of attack 

(0°, 5°, 𝑎𝑛𝑑 10°) , at low Reynolds numbers. It was noted that a laminar boundary 

layer separation occurred over ~50% of the aerofoil’s suction surface. Therefore, the 

boundary layer control separation played a significant role (Ricci et al., 2007). 

Moreover, Zifeng et al. (2007)) studied the behaviour of flow separation transition for 

a low Reynolds number aerofoil (GA(W)-1) using the Particle image velocimetry 

(PIV) technique. The results revealed that when the angle of attack is precisely 7º, the 

boundary layer might stay attached to surface despite slight effects of the adverse 

pressure gradient (APG). The transition from laminar to turbulent and later to 

reattachment with the aerofoil suction surface can be achieved by using active flow 

control (AFC) techniques. 

It is worth noting that the stall reduces the aerodynamic performance of the aerofoil. 

In other words, an increase in drag coefficient and a decrease in lift coefficient 

decreases the glide ratio. Therefore this phenomenon contributes to wind turbine 

performance reduction. 

Additionally, Genç et al. (2012) studied the effect of angle of attack experimentally, 

from (−12° 𝑡𝑜 20°) at low Reynolds number (0.5 × 105 𝑡𝑜 3.0 × 105), on 

aerodynamics of a NACA2415 aerofoil. Experimental results revealed a movement in 

separation and transition points toward the leading edge during an increase in the angle 

of attack regardless of Reynolds number. However, stall characteristics altered as a 

result of increasing Reynolds numbers. Besides, at low Re, an unexpected stall would 

occur. The study also concluded that the fluctuations in the stall angle were due to 

viscosity impacts, which reduce with decreasing Reynolds number, and hence, a long 

bubble would be created as a result of a short bubble burst at higher angles of attack. 

Shah et al. (2015) simulated the performance of the UBD5494 aerofoil at low Reynolds 

numbers of 6.0 ×  104, 1.0 ×  105, 2.0 × 105 and 3.0 ×  105 using the transition 

 𝛾 − 𝑅𝑒𝜃 model. It was found that there was a movement in the LSB towards the 

leading edge at the point where the angle of attack expands, and this, in turn, would 

lead to flow turbulence and stall, because of the LSB bursting after its expansion. It 

was likewise demonstrated that the size of the LSB increases with decreasing Reynolds 
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number and its movement towards the leading edge is slow. The UBD -5494 aerofoil 

improves lift-to-drag ratio, and the stall characteristics result in better performance for 

small wind turbine rotors. 

In other research, a laminar flow separation was investigated on a 0.7 𝑥105 low 

Reynolds number, NASA (GA (W)-1) aerofoil. PIV was used to reveal flow behaviour 

around the aerofoil. Results showed that, at high APG, the flow with LSB might 

separate from the aerofoil suction surface. An unsteady Kelvin–Helmholtz vortex was 

generated to form a flow transition from laminar to turbulent. At an angle of attack 

(AoA) of 12º, a reattachment occurred along the upper surface to form a turbulent 

boundary layer. A turbulent boundary layer is more energized to overcome the APG 

compared with a laminar boundary layer. It was found that, by increasing the angle of 

attack, the LSB moved towards the leading edge, the length of the laminar portion of 

the LSB became longer than the turbulent portion, and there was a dramatic increase 

in drag coefficient with a corresponding decrease in lift coefficient. It was also 

discovered that an aerofoil stall occurred when an explosion in LSB occurred (Hu and 

Yang, 2008). Furthermore, Diwan and Ramesh (2007) stated that to achieve a good 

understanding of LSB’s structure, the height, length, shape of the bubble as global 

properties should be taken into account. While the Reynolds number declines, the 

length of the bubble decreases at a greater rate than the height. 

2.4 Active and passive flow control techniques  

In previous decades, passive flow control devices, such as vortex generators, were 

widely used. However, they were operating under specific conditions, in such a way 

that they were unable to respond to the various changes that occurred in the devices. 

Nevertheless, these methods required the non-consumption of external energy 

(Sedighi et al., 2020). As a result, attention was given to active control systems, 

especially those operating in a low number of Reynolds (Asada et al., 2015). Active 

flow control (AFC) is a procedure which is used to enhance the aerodynamic 

characteristics of a wind turbine blade using an external energy input and an active 

flow control system (Maldonado and Gupta, 2017). Researchers also focused on the 

fields of aircraft and gas turbines by considering the benefits of the use of active flow 
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control methods (Johnson and Dam, 2008). Three years ago, Aubrun et al. (2017) 

stated that the trend towards using active flow control in wind energy operating 

systems had become imperative. 

 At present, the production of wind energy using wind turbines is considered one of 

the most important renewable energy sources in the world. So research has been 

directed towards effective control methods to improve the performance of wind 

turbines. Many of the techniques used rely in principle on maximizing the ratio of lift-

to-drag and delaying the stall phenomenon. AFC methods, which include continuous 

blowing or suction processes, have evolved to enhance the aerodynamic characteristics 

of the aerofoil profile. The central role of active flow control is controlling blade loads 

and aero-elastic reaction. AFC techniques can be classified into four categories 

(Johnson and Dam, 2008), as shown in Table 2-2. Devices can be classified as 

Geometric (G) or fluidic devices (F). Geometric devices perform a mechanical 

movement on a portion of the aerofoil surface, whereas in contrast, fluidic devices 

change the behaviour of the airflow by adding or removing air from the flow passing 

through the aerofoil. Some devices include both features, such as synthetic jets, and 

this is classified as (G/F). Other devices are not subject to the two (G or F) states, such 

as plasma actuators, which generate power under the influence of an electric field that 

affects flow behaviour. The second column describes the positioning of the device as 

being near the leading edge (LE), near the middle of the blade chord (MC), or close to 

the trailing edge (TE). The third category relates to the lift curve and is classified into 

two categories. The first works to shift the entire lift curve upward, and so is called 

increased lift (I). Alternatively, by moving the lift curve downwards, we arrive at 

decreased lift (D), by changing aerofoil camber. Many devices work in both cases, in 

which case this is classified as increased /decreased lift curve (I/D). The final category 

in this column extends the lift curve to delay the occurrence of the stall phenomenon, 

to be at a higher angle of attack, and here it is called delay stall (DS). The fourth 

category is characterized by a steady flow condition (S), such as a ‘trailing edge flap 

system’, or unsteady flow condition (U), such as a ‘pulsed vortex generating jet’ which 

changes the flow state with time. Some devices are described by both cases together 

and therefore labelled as (S/U). 
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Table 2-2: Classification chart for AFC techniques (Johnson and Dam, 2008). 

 

The aerodynamic research focuses on boundary layer transition and LSB, which 

contribute to the reduction of wind turbine performance (Serdar Genç et al., 2012) 

(Koca et al., 2018). Constant speeds can be achieved by using active or passive flow 

control techniques (Johnson and Dam, 2008). These techniques can be illustrated in 

Figure 2-6. In the current study, the emphasis was placed on blowing and suction 

techniques which are listed as the eighth AFC technique (Table 2-2). In order to 

determine where these methods will be most effective, the boundary layer transition, 

LSB, and adverse pressure gradient (APG) should be investigated carefully. 

 

Figure 2-6: The active and passive flow control techniques for wind turbines 

(Johnson and Dam, 2008) 
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2.4.1 Plasma actuators and vortex generators techniques 

Gross and Fasel (2017), studied boundary layer separation over the NREL S822 

aerofoil at Reynolds number of 100,000 using flip-flop jets, pulsed vortex generator 

jets, and plasma techniques. They found that using active flow control mitigated the 

unbalanced loads, and hence improved turbine lift. 

Further investigation was conducted by Yarusevych and Kotsonis (2016) using a 

surface-mounted Dielectric Barrier Discharge plasma actuator with the aid of Time-

resolved two-component PIV. They investigated the impact of local active flow control 

experimentally, over a NACA0012 aerofoil at low Reynolds number, on the stability 

and transition in a LSB. Results showed that using this technique resulted in a 

reduction in the size of the LSB. Mainly when excitation is applied at the frequency 

matching the fundamental frequency, the act of reducing the size of the separation 

bubble would be very obvious. Also, the same technique was used by (Feng et al., 

2015), who discovered that the Plasma actuator, when set over the pressure side of the 

aerofoil close to the trailing edge, led to the creation of a more energetic vortex, which 

in turn produced a quasi-steady recirculation region, and reduced the velocity. 

However, when the recirculation was positioned over suction side of the aerofoil to 

increase velocity, it was found that this would lead to an increase in lift coefficient. 

2.4.2 Synthetic jets technique 

 Maldonado et al. (2010) investigated the possibility of improving aerodynamic 

characteristics during stall conditions by utilizing synthetic jet actuators to upgrade a 

small blade wind turbine at low wind speeds. Two areas were measured on the upper 

surface of the blade. One of these was located near the tip, and the other was close to 

the root. The PIV technique was utilized to quantify the passage of the airflow over 

the blade. 

Khuder and Itimad (2015) used the same technique and studied the separation flow 

over a NACA0015 aerofoil. By placing the actuator near leading edge on the upper 

surface with angles of attack ranging (0º-15º) and with a Reynolds number equal to 
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4.55 × 105, they demonstrated that by using the synthetic jets technique, the flow over 

the aerofoil could either entirely or partially be reattached. The researchers also proved 

that their methodology led to an improvement in maximum lift and delay of flow 

separation over the aerofoil. 

You and Moin (2008) investigated a turbulent flow separation theoretically by using 

the synthetic jets technique over an aerofoil NACA0015 based on a Reynolds number 

of 896,000. Their results were validated against experimental data. It was found that 

there were qualitative and quantitative agreements for controlled and uncontrolled 

states. Results showed that the synthetic jet technique effectively delays flow 

separation and improves lift coefficient.  

Lengani et al. (2011) investigated the LSB and boundary layer development when 

subjected to APG, on a flat plate with and without using a synthetic jet technique at 

low Reynolds number. Results revealed that during the blowing phase, there was a 

high momentum flow and the synthetic jet technique produced mitigation in the 

laminar bubble size. However, the boundary layer was reattached to the plate during 

the suction phase procedure, and, consequently, the separation was delayed. 

2.4.3 Acoustic excitement technique 

Fayed (2007) and Fayed et al. (2009), empirically studied the effect of internal acoustic 

excitement on the leading edge, separated boundary layer and the aerodynamic 

performance of NACA23015 aerofoil. Two positional locations were specified on the 

aerofoil, 11.5% and 6% of blade chord from the leading edge at the Reynolds number 

of 3.3 × 105. The frequency range used was 50-400 Hz, and angles of attack 0°, 3°, 

6°, 9°, and 12°. The test was conducted using a suction open type subsonic wind tunnel 

and a smoke wind tunnel. The researchers concluded that this technique is promising 

and effective in improving the aerodynamic characteristics by generating a suction 

peak at the leading edge on the upper surface of the aerofoil, causing momentum 

transfer and thus an increase in the ratio of lift-to-drag, especially when installing the 

technique in the position of the flow separation point. 
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 Genç et al. (2016) studied the effects of the previous method over a NACA2415 

aerofoil at angles of attack of (0°– 25°) 𝑎𝑛𝑑 at Reynolds range 50,000 −

200,000,  using force and pressure measurements. In addition, the PIV technique, hot-

wire anemometry and smoke flow was used for visualization. The results are 

summarised in Table 2-3. It was concluded that acoustic disturbance was significantly 

reduced at low Re. Also, the effect of acoustic control decreased with an increase in 

Re. Therefore, the acoustic excitation had to increase with the increase of Re. Finally, 

the researchers claimed that the acoustic excitation reduced the formation of vortices 

and forced the flow to attach to the aerofoil suction surface. 

Table 2-3: The summarised results for the above study  

Re × 1000 Frequency (Hz) 𝛼𝑠𝑡𝑎𝑙𝑙  delay (º) Lift (↑+) Drag (↓−) L/D (↑+) 

50 certain range 12 → 16 30% 50% 6 → 9 

75 700 13 → 17 14% 34% 20% 

100 1200 15 → 17 - - 8% 

150 1800 15 - - 5% 

200 - No effect - - - 

 

Ricci et al. (2007) investigated the technique above on LSB, using a thin aerofoil and 

angles of attack between 2° 𝑎𝑛𝑑 8°, and frequency range of 200 – 800 Hz, at low 

Reynolds number (60,000) with and without an acoustic excitation actuator. A 

quantitative Infrared (IR) thermography method was employed to determine the 

positions of separation, transition and reattachment points. It was concluded that the 

sinusoidal sound wave at a specific frequency reduced the LSB dimension, causing 

reconnection to the upper surface of the aerofoil. Also, it was mentioned that it was 
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not possible to determine a specific value from the given frequencies that convert the 

flow from laminar to turbulent before the separation occurred. 

2.4.4 Zero-mass-flux (ZMF) piezo fluidic actuator 

Stalnov et al. (2010) examined the possibility of using active flow control (AFC) 

methods in place of passive flow control in order to enhance the performance of wind 

turbines. They did this using a zero-mass-flux (ZMF) piezo fluidic actuator to control 

boundary layer separation for thick aerofoils. They proved that ZMF actuators were 

better than passive vortex generators, at delaying boundary layer separation. The 

reason for this is that ZMF fluidic actuators can be used to control flow separation for 

a wide range of Reynolds numbers. The results proved that AFC would give double 

the highest lift at low Reynolds numbers and reduce the turbine cut-in wind speed. It 

was also revealed that AFC operates to postpone the stall point and reduce the drag 

even for polluted blades. Zero-net-mass-flux oscillatory jets or synthetic jets 

demonstrated good feasibility for industrial applications and effectiveness in 

controlling flow separation. 

2.4.5 suction and blowing techniques 

The final techniques to be discussed here are suction and blowing techniques. In these 

methods, there is a delay in the stall point. These techniques work by adding or 

subtracting momentum from the boundary layer. These processes mitigate the APG 

impact, and hence delay the flow separation occurrence towards the leading edge of 

the aerofoil profile. One of the notions attached to blowing and suction is circulation 

control which leads to increased lift coefficient in an aerofoil, and subsequently, 

moving the rear stagnation point to the pressure side of the aerofoil (Johnson and Dam, 

2008). 

Genç et al. (2011) investigated the performance of transition and turbulence flow at 

low Reynolds numbers. Their experimental work included using hot-wire anemometry 

to reveal the LSB for a NACA2415 aerofoil, using an angle of attack of 8o and a 

Reynolds number of 200,000, and numerical simulation using a 𝐾ـ𝐾𝐿ـ𝑤 model. The 
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results showed that the LSB is not completely removed through a single blowing or 

suction technique, but is either delayed towards the trailing edge or reduced. The 

researchers also established that by utilizing larger amounts of suction and smaller 

amounts of blowing, the aerodynamic characteristics of the aerofoil were improved by 

eliminating the LSB depending on the location of active flow control. 

Jalal et al. (2010) studied the separation control on the aerofoil model numerically, 

using a NACA2412 aerofoil, with the jet blowing at different angles of attack (0° −

30°) up and beyond the stall angle and at Reynolds numbers ranging from 3.4 ×

 105 to 1.7 ×  106. The study was conducted according to Reynolds-average Navier-

Stocks equations. A revised 𝑘ـ𝜔 model was also proposed for the solution. The effect 

of blowing slot location and its velocity on the performance of the aerofoil was studied. 

The results indicated that when blowing at 𝑥/𝑐 = 0.3, with a blowing speed of twice 

the inlet velocity, blowing technique achieved its optimal efficiency in terms of 

controlling the separation of the flow. An experimental study of the above variables 

was conducted, and the results were consistent. 

Jawad et al. (2014) used the same technique and obtained similar results but with a 

NACA4415 aerofoil at angles of attack of 5°,10°, and 15°. For large separation 

regions, the jet blowing was insufficient to reduce the flow separation. It was found 

that CFD simulation was an efficient and accurate way to predict the control of flow 

separation using jet blowing technology. The results showed that by using this 

technique, there was a significant increase in lift even with a zero attack angle, which 

in turn would delete the vortex shedding which might occur near to the trailing edge 

of the blade’s aerofoil. It also noted that a vast separation was not entirely controllable 

using the blowing technique. 

Müller-Vahl (2015) used a constant blowing technique over a NACA0018 wind 

turbine blade, for a specified range of Reynolds numbers (125000 – 375000). Slots 

placed both near the leading edge and in the middle of the aerofoil were examined to 

monitor flow behaviour. The experimental results revealed that, at the leading edge 

slot location, the stall phenomenon is delayed for high momentum blowing, and hence, 

this increases the lift for a wide range of angles of attack. Nevertheless, when the 

momentum coefficient was low, there was a loss in lift and increase in drag. Also, the 
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study stated that blowing in the middle of the aerofoil produced a significant effect, 

and the trailing edge flow separation was suppressed for angles of attack before the 

stall. Finally, they demonstrated that blowing near to the leading edge was more 

effective than in the middle of the aerofoil chord. 

 According to (Dumitrache et al., 2014), trailing edge blowing is an alternative type of 

AFC technique used to investigate a high-lift configuration. Results showed that a 

delay in flow separation occurred, leading to an increase in flow circulation, and hence, 

a greater lift was generated. 

On the other hand, Chawla et al. (2014) investigated a constant suction technique for 

controlling boundary layer separation over NACA0012 and S814 aerofoils at low 

Reynolds numbers, ranging from (1 × 104 to 1 ×  105), for small HAWT. They 

concluded that the air was sucked from the upper surface in multiple places, and 

therefore, depending on the increase in lift coefficient, the most effective slitting sites 

could be determined, as shown in Figure 2-7. The suction system was implemented 

using a vacuum pump and a Venturi tube to measure and maintain a steady suction 

flow rate. Also, a wool tuft visualization was used to monitor suction effects. The 

efficiency of the aerofoil was shown to increase with increased lift and lower drag. 

  

Figure 2-7: NACA0012 and S814 with suction slit at 𝑥/𝑐 = 0.36 and 0.24 

respectively (Chawla et al., 2014) 

Blowing and suction as active flow controls were computationally utilized to 

investigate the LSB for a NACA2415 aerofoil at Reynolds number of 2𝑥105 and an 

angle of attack of 8º. The researchers demonstrated that, in the previous studies, a jet 

slot with a width of 2.5% of the chord length was placed on the upper surface of the 

aerofoil to be investigated using a developed k-kL-ω and k-ω SST transition model 
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which could be compared with experimental work to predict the LSB. According to 

(Serdar Genç and Kaynak, 2009), it can be stated that the aerofoil performance 

improves in two cases, the first is when the ratio of suction speed to the inlet speed is 

the highest possible, and the second is when the ratio of blowing speed to the inlet 

velocity is the lowest possible. However, the first case (highest suction speed/inlet 

speed) yields better results than the second case (lowest blowing speed/inlet speed). 

Therefore the optimum case can be achieved with high-speed suction or with low 

speed blowing.  

2.5 Wind turbine performance and energy 

production  

In order to improve wind turbine power output, due to losses in aerodynamic 

characteristics of the wind turbine aerofoil section, the structural behaviour of the wind 

turbine blade and inefficiency caused by its mechanical systems needs to be addressed. 

A study by Johnson and Dam, (2008) showed adverse effects due to the LSB which 

occurs at low Reynolds number in the leading edge of the aerofoil. Two essential 

methods to eliminate this problem and enhance wind turbine performance are blowing 

and suction techniques. A high momentum of air can be added to the boundary layer 

in the blowing technique, while low air momentum can be achieved using the suction 

technique (Johnson and Dam, 2008). 

Ricci et al. (2011) investigated the possibility of enhancing the performance of a 10 

kW small wind turbine through mitigating LSB at low Reynolds numbers by using a 

Micro Electro Mechanical System (MEMS). In the study, the LSB transition type and 

turbulent reattachment point’s location were revealed utilizing the infrared 

thermography method. The researchers stated that lift increases by a ratio of 50% at 

Reynolds number of 1𝑥105, and this obviously led to improvements in wind turbine 

performance. 

Ram et al. (2013) investigated the optimization of USPT2 aerofoil at low Reynolds 

number by using a Genetic Algorithm (GA) for a small wind turbine. The purpose was 

to create a rough insensitive aerofoil in the wind turbine blade’s tip against dusting, 
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which leads to a reduction in the performance of the aerofoil. The results showed that 

the optimum performance of the aerofoil occurs at angles of attack between 4° and 

10°. Also, it was proven that this particular aerofoil is suitable for small wind turbines.  

 Ali (2014) investigated the optimal performance of a small wind turbine blade used 

in built-up areas to improve the wind turbine power generation using winglets at the 

tip of the blade. The results revealed that there was an enhancement in the aerodynamic 

performance of the wind turbine, hence improving its power output.  

Lanzafame and Messina (2009) developed a new layout for a small wind turbine 

(sWT) using only two parts, each non-twisted with variable chord lines along the 

blade, to improve performance and reduce cost. Some losses were revealed due to 

vortices appearing on the tips of each part, but these losses can be tackled using 

winglets. It was concluded that by using this layout, there was a power output gain for 

all ranges of wind speed between cut-in to cut-off. 

In another experimental study, a simulation was conducted on two types of horizontal 

axis wind turbine blades, one of which was designed according to the theory of blade 

element momentum (with twisted angles), the other blade being a non-twist angles 

type with a constant chord length along the rotor blade. This study aimed to investigate 

the performance of the wind turbine in both cases. The outcomes indicated that the 

wind turbine with a twisted angle performed 50% better than the one without (Lee et 

al., 2016). 

An unstable aerodynamic simulation of wind turbines was carried out in a study by 

(Cai et al., 2016) which considered the effects of wind shear, tower shadows and yaw 

regulation using CFD. The results showed that the aerodynamic forces change 

periodically with the rotation of the blades, as the aerodynamic forces reach their 

maximum lift when the blade reaches the highest position and vice versa. The results 

also showed that the yaw system affects the output of the aerodynamic loads, where 

the loads are the highest in the areas facing the wind, and lowest in the wind direction 

areas. The researchers determined that such studies may contribute to solving 

aerodynamic problems and optimal designs for enhancing future wind energy. 
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An experimental and computational study was conducted on small wind turbines to 

predict and improve their aero-acoustic and aerodynamic performance. An acoustic 

camera was used to conduct aero-acoustic measurements for wind turbine power 

output. Improved Delayed Detached Eddy Simulation (IDDES), as well as 

aeroacoustics using the Ffowcs Williams and Hawkings (FW-H) method, and an 

unsteady 3D analysis were used in the computational analysis. Procedures were 

analysed and optimized for many aerofoil profiles of turbine blades. The turbulence 

model, Navier-Stokes equations, and the continuity equation were used in the 

solutions. In this study, simulations were validated by the experiment. Moreover, 

results demonstrated that the proposed semi-three-dimensional improvements were 

successful in improving the aerodynamic and acoustic performance of small-scale 

wind turbines. (Benim et al., 2018). 

An experimental simulation study was performed on two Aerofoils, NACA0012 and 

NACA2412. In the simulation system, three models were used: the Spalart-Allmaras, 

the k-epsilon (RNG), and the 𝑘 − 𝜔 shear stress transport (SST). All of these models 

were consistent with experimental results at angles of attack from -5 to 5º. The 

parameters of blade engineering, represented by the blade chord and the twisting angle 

of the blade, were calculated. Lift-to-drag ratio was dependent on determining the 

optimal case. The study’s goal was to establish the optimal blade design for horizontal 

axis wind turbines for different Reynolds numbers to improve their performance. 

Based on BEM theory, researchers found that the change of the aerofoil type (like 

NACA2412 or NACA0012) affects the performance of the wind turbine. The research 

also concluded that the NACA2412 aerofoil achieved the highest performance 

coefficient compared to its NACA0012 counterpart (Oukassou et al., 2019). 

A numerical study was implemented to improve the performance of the V47-660 kW 

horizontal turbine by using 50mm diameter spherical dimples on the suction side of 

the blade. The simulation was conducted using the incompressible Shear-Stress 

Transport turbulent model. The study assessed the effect of the dimples’ radius, their 

location, and quantity on torque, flow separation, power generation and hence overall 

performance of the wind turbine. The results showed that dimples increase torque and 

power generation if they are set up correctly. One hundred fifty dimples were used 
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with a pitch distance of 200 mm with three rows on the suction surface of the blade. 

The results showed that dimples could improve torque by 16% (Sedighi et al., 2020). 

A genetic algorithm to improve the hydrodynamic performance of tidal turbines based 

on the lift-to-drag ratio was adopted by increasing the blade’s chord in the middle and 

improving pitch angle distribution. This study proved that the leading power 

generation positions were concentrated in about 75% of the blade’s span (that is, at the 

location of the three-fourths of the blade, starting at the blade root.). The study showed 

that the power coefficient was improved by 2%, especially for the tip speed ratio (𝜆) 

between 4 and 6. (Zhu et al., 2020). 

2.6 Summary 

The structure of this literature review was summarised in three stages: flow separation 

(without AFC), flow separation control (with/without AFC), and improving wind 

turbine performance. 

The research reviewed reveals that separation flow could be mitigated or suppressed, 

and the stall angle could be delayed by using active flow control actuators increasing 

lift curve and decreasing drag curve. These progressions will improve the productivity 

of the aerofoil. The published research also demonstrated that with an increase in Re, 

the laminar flow would become turbulent and thus would result in a decrease in the 

size of LSB. On the other hand, in order to obtain a high resolution for visualizing the 

behaviour of the flow as it passes across the aerofoil (such as position separation, re-

attachment of flow (to the upper surface of the aerofoil), and state of flow transition 

(from laminar to turbulence)), PIV and IR thermal imaging techniques, as well as 

smoke technique, were used to visualize flow behaviour when passing over the 

aerofoil. 

Regardless of the above, studies, using AFC methods, have used techniques, using 

only a single aerofoil position. Other studies may be restricted by using a low range of 

angles of attack (less than or equal to 10º). The use of aerofoils for horizontal and 

small-axis wind turbines, such as the NREL S822 and NREL S823 aerofoils, was not 

widely covered. On the other hand, suction and blowing techniques have not been used 

together, and the effect of changing their positioning and changing their speed has not 
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been studied on the performance of the small size wind turbine when operating in areas 

of low wind speed. Furthermore, the effect of changing the speed of suction and 

blowing on the performance of the aerofoil was not studied. Finally, the annual energy 

production for low wind speed sites in Australia was not predicted by using enhanced 

small horizontal wind turbines. 

In the current study, the two following approaches will be implemented: (1) Use 

blowing and suction techniques together or separately, with or without changing their 

velocities to delay flow separation; and (2) Use of aerofoils proposed for small wind 

turbines with a diameter of 10 meters. Both methods will be adopted to improve the 

performance of small wind turbines and thus improve the annual energy production 

for low wind speed sites in Australia. 
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CHAPTER 3: EXPERIMENTAL SETUP 

In this Chapter, aspects relating to wind tunnel experiments are discussed. These 

events include preparations for making models, tools, parts and equipment relevant to 

the wind tunnel for testing. A series of laboratory experiments were conducted to 

determine the flow behaviour and gain knowledge of the pressure distribution on the 

upper and lower surfaces of the aerofoil. The aerodynamic tests were conducted for 

proposed aerofoils (S822 and S823). The plan for the experimental methodology is 

illustrated in Figure 3-1. Multiple systems were utilized in the laboratory to conduct 

such a complex test. The components of each system are detailed separately, indicating 

how the parts of each system are interconnected. 

 

Figure 3-1: Structure of an experimental setup 

3.1 Wind Tunnel 

In order to simulate the effect of airflow over and around aerodynamic objects, a wind 

tunnel is required. A wind tunnel is a specialized tool used to conduct experiments and 

undertake research on the effect of air movement on objects, either by pulling or 

pumping air into and out of the wind tunnel. The wind turbine blade model, which is 

manufactured considering similarity laws, is an example of an object which can be 
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tested to examine aerodynamic behaviour. On an actual wind turbine, the wind turbine 

blade moves in the air, whereas in the wind tunnel, the air moves around the wind 

turbine blade, which is static. There are several types of wind tunnels, including 

supersonic and subsonic. A wind tunnel can also be open or closed (Figure 3-2). 

In the open type, the air is either pulled or pushed through, and this is the more common 

configuration since energy consumption is not an essential factor. 

Conversely, a closed wind tunnel is one in which air is circulated inside a closed loop 

where the flow quality is largely controlled (Calautit et al. (2014). The primary 

dimensionless variable when conducting tests in low-speed wind tunnels is the 

Reynolds number (Cattafesta et al. (2010). The model used within the wind tunnel test 

section needs to be small enough to fit inside. Therefore the similarity analysis of the 

model must be considered (Cermak (2003). In the subsonic wind tunnel, the density of 

the air is almost constant. 

 

Figure 3-2: Schematic of open (a) & closed (b) circuit wind tunnels (Cattafesta et al., 

2010)  

In this project, the flow separation around models of wind turbine blade aerofoils was 

investigated using a subsonic open type wind tunnel at the University of Southern 

Queensland (Figure 3-3). The wind tunnel in this project consisted of four parts: the 

entrance; test section; transition section; and fan.  
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Figure 3-3: The wind tunnel used in these experimental tests 

3.1.1 Wind tunnel entrance 

The entrance to the chamber includes three mesh-wire sections (Figure 3-4) to reduce 

the speed of the irregular axial wind tunnel. On the other hand, within the contraction 

section, the cross-section is reduced, which accelerates the airflow and decreases the 

static pressure at the test section by 0.156 kPa at an axial wind tunnel velocity of 15.8 

m/s. 

 

Figure 3-4: Three mesh-wire sections in WT entrance section 
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3.1.2 Test section 

Following the entrance is the test section or working section, where models (e.g. an 

aerofoil) should be tested. Figure 3-5-a and Figure 3-5-b illustrates the designed and 

manufactured working sections, respectively. Perspex was used to manufacture the 

wind tunnel test chamber, to produce internal dimensions of 300 mm x 300 mm x 600 

mm. In order to change the aerofoil’s angle of attack, a circular opening with a 

diameter of 170 mm was placed on each side, located at a horizontal distance of 225 

mm from the WT entrance and a vertical distance of 150 mm from the upper surface. 

In order to measure air velocity through the working section using an anemometer, a 

5 mm diameter hole was positioned in the middle of the upper surface close to the 

inlet. Also, two holes were placed in the upper surface of the test section to check the 

static pressure inside. The test section and all other components of the wind tunnel 

were checked to ensure they were level. 

 

Figure 3-5: (a) The schematics of the wind tunnel working section; (b) its constructed 

form (All dimensions are in mm) 
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3.1.3 Transition section 

The wind tunnel was modified by designing an alternative exit section as the third part 

of the system. This section is known as the transition section and was manufactured 

after being designed using Creo software. The transition section consists of two pieces 

(Figure 3-6), part (a) connected to the working section and part (b) connected to the 

fan. Both parts were produced using a 3D printer. 

 

Figure 3-6: (a) & (b) Design parts of a wind tunnel transition section; (c) their 

manufactured parts (All dimensions are in mm) 

3.1.4 Low-speed wind-tunnel fan  

The wind tunnel fan used in this project is shown in Figure 3-7. The fan was set up to 

provide a maximum speed of 15.8 m/s at the commencement of the test section. 

Potential maximum speeds were limited by the flow separation using the smoke 

system: at high speeds, it is challenging to observe flow behaviour inside the wind 
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tunnel because the smoke dissipates quickly. The fan outlet is directed towards the 

laboratory outlet in an attempt to eliminate smoke build-up, which could cause obvious 

work, health and safety hazards. The planned centrifugal wind tunnel fan is illustrated 

in the same figure, and its specifications are listed in Appendix A-1. 

 

Figure 3-7: Pictorial view of the fan connected to the wind tunnel exit (All 

dimensions are in mm) 
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3.2 Smoke System 

Smoke technology plays an essential role in detecting the behaviour of eddy formation 

and separation of flow within the wind tunnel. The smoke system components (Figure 

3-8) consist of the following items: smoke generator; air compressor; a voltage of 110-

120 VAC; liquid propylene glycol; power transformer; and the smoke wand. 

The most important item is the smoke generator (The AEROLAB Smoke Generator 

V1) that requires compressed air at a pressure of 150 psi. Therefore, a 2HP, 50L air 

compressor was used for this purpose, which requires a voltage of 110-120 VAC, so 

that a power transformer became essential to convert the power from domestic power 

(240VAC) to system power (110VAC). Moreover, the liquid used in the smoke 

generator is liquid propylene glycol, as recommended by the manufacturer. 

Furthermore, all smoke generated will exit from the smoke wand located towards the 

wind tunnel entrance. More information about this system can be found in Appendix 

A-2. 

 

Figure 3-8: The components of the smoke system 
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The smoke system was initially tested inside the wind tunnel, without aerofoil models 

and subsequently tested with aerofoil models. In the former case, it was found that the 

smoke streams were oscillating, sometimes rising up and at other times descending. In 

order to eliminate these occurrences, the smoke level was adjusted to hit the leading 

edge. Moreover, In order to reduce flow turbulence, a paper honeycomb was used 

(Figure 3-9) consisting of pieces of aluminium 100 mm long and 20 mm wide. The 

use of aluminium instead of paper was solely due to the heat in the smoke and obvious 

potential risk of fire. Oscillation was reduced somewhat but not to a satisfactory level. 

Additionally, the use of aluminium tubes, 100 mm long and 12 mm in diameter, which 

placed in the paths of smoke, as shown in Figure 3-9, helped to stabilize the smoke. 

One critical operating requirement was to incorporate a safe smoke exhaust system. 

Therefore, a hose 300 mm in diameter and 5 m in length (Figure 3-10) connected to 

the fan outlet, was used to expel smoke out of the laboratory. 

 

Figure 3-9: Use honeycomb paper and small aluminium pipes to reduce the ripple of 

smoke. 
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Figure 3-10: The wind tunnel’s smoke exhaust system 

Additional instruments were built into the smoke system (Figure 3-11). In order to 

calculate the viscosity of the air, the laboratory temperature needed to be checked. So, 

a hydrometer (Figure 3-11a) was used to read the temperature of the location where 

the test was performed. At the same time, a high-speed camera (Figure 3-11b) was 

used to capture the smoke streaklines formed during the flow separation. Furthermore, 

to ensure the accurate visualisation of the flow, sunlight barriers (Figure 3-11c), and 

external light (Figure 3-11d) were used. When the smoke wand moves slightly up or 

down, it may affect the direction of the smoke circulating the aerofoil. Therefore, the 

deviation of the smoke may present a false perception. This way, the smoke wand was 

set in a position where smoke always hit the front of the model (Figure 3-11e). 

 

Figure 3-11: Equipment used in the flow visualisation process 
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3.3 Active flow control techniques: Suction & 

Blowing system 

In order to control flow separation, two active flow control techniques were used. 

These methods are blowing technique, in which momentum is added to the boundary 

layer to overcome the reverse pressure gradient, and suction technique, in which an 

amount of momentum is removed from the boundary layer to reduce the intensity of 

the reverse pressure gradient. The first component in this system was the air 

compressor (Figure 3-12a) that provides the system with compressed air via a 12 mm 

OD x 8 mm ID tube. The compressed air was connected to both suction and blowing 

systems using 12 mm Tee fittings (Figure 3-12b). In both systems, a flow control valve 

(Figure 3-12c) was connected to control the mass flow rate. In the suction system, a 

Venturi Vacuum generator (Figure 3-12d) was used to create a vacuum from the air 

compressor. Then the flow velocity was measured using a static pitot tube (Figure 3-

12e). 

Furthermore, in order to ensure the validity of this process, a calibration point was 

implemented using a Venturi meter, Omega flow meter, and Pitot - static tube (Figure 

3-12e). This means the three devices were connected in series on the same flow stream. 

Their readings were recorded and compared (refer to Appendix A-3). A digital 

manometer (Figure 3-12f) was used to measure the pressure difference between the 

stagnation pressure and static pressure. After that, the suction and blowing sections 

were attached to two separate equal push-in fittings (Figure 3-12g). This is to ensure 

that the flow will separate into three branches in each technique, with an equal flow 

rate. These branches will extend to blowing and suction slots, on both sides of the 

model (Figure 3-13), through a ball valve (h) that is used to control which slot(s) 

should be opened or closed. 
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Figure 3-12: The various components of a blowing and suction system and how they 

interconnect 

 

Figure 3-13: The test section with models from both sides 
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3.4 The pressure measurement system 

Figure 3-14 shows the equipment which was used to measure the various pressures in 

the model. The multi-tube manometer was used to measure the head pressure. The 

pressure tappings in the model were connected to the flexible tubes using a set of 

double joiner 5 mm screws. The tubes were then connected to a manifold plate to 

transfer later to large-diameter pipes connected to a multi-tube manometer. This multi-

tube manometer has 36 tubes (each 600 mm in height) divided into two parts. The 

pressure openings of the left-hand side of the manometer were used for the upper 

surface of the aerofoil model. At the same time, the pressure openings of the right-

hand side were used for the lower surface. Points 1 to 15 were designated as pressure 

distribution points for the upper surface. The remaining points were designated for the 

lower surface. Specific points were connected directly to the manometer without firstly 

being connected to the manifold plate. This was because the manifold plate only 

consisted of 25 points, and there were 30 points measured. 

 

Figure 3-14: The connection equipment for the pressure system used in this project 
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3.5 Aerofoil profile models design and 

manufacturing  

As mentioned previously, the NREL S822 and NREL S823 aerofoils were selected in 

this project. These models were each manufactured with ABS material on a UP Box 

3D printer (the models were printed with six external layers and 50% infill). Both 

models spanned the full width of the test section, and their dimensions were a 170 mm 

chord with a 300 mm span. 

According to Schubel and Crossley (2012), the wind turbine blade can be divided into 

three areas ( Figure 3-15), the blade root, the mid-span, and the tip blade. In the last 

two areas, the lift-to-drag ratio should be maximised. So, the tests were carried out for 

S822 aerofoil with AFC, while for S823 aerofoil, operations were performed without 

AFC (Figure 3-16).  

 

 Figure 3-15: The blade regions (Schubel and Crossley, 2012) 

 

Figure 3-16: The distribution of selected aerofoils on the base of Table 2-1  

in chapter 2 
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Using the suction technique, with three slots, 1 mm wide were incorporated while 

using the blowing technique, three slots, 0.5 mm wide were incorporated, as shown in 

Figure 3– 17. Suction process slots were designed perpendicular (90º) to the tangent 

line of the upper surface of the profile model. However, blowing slots were designed 

to be angled at 30º with the aerofoil tangent. The reason for this was to provide some 

momentum in the direction of the main flow. 

Blowing method is denoted by ‘B’ and suction by ‘S’. Slots were numbered 

sequentially; for instance, the number ‘1’ was taken to be the first slot nearest to the 

leading edge. Holes of 8 mm diameter were used to connect the slots to both sides of 

the model. 

In both techniques, the flow separation may or may not be mitigated, depending on 

several factors: (1) the position of the slot(s); (2) The method of using slots in the 

operations of blowing and sucking (i.e. how many slots should be used in each 

process); and (3) blowing and suction velocities through the slots. Subsequently, this 

will affect the performance of the blade and hence ultimately the performance of the 

wind turbine itself. 

 

Figure 3-17: The NREL S822 aerofoil model: blowing (B) and suction (S) slots, 

with pressure tappings designs. 
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The static pressure across the aerofoil profile was measured through 0.7 mm diameter 

holes, acting as pressure tappings, in the centre of the model’s span. Fifteen holes were 

placed on the upper surface and 15 on the lower surface of the model. The distances 

of pressure tappings from the leading-edge are listed in (Figure 3-17). Therefore, to 

facilitate construction, the pressure tapping on the upper surface were located in 

different positions to those on the lower surface. Holes with a diameter of 0.7 mm were 

connected vertically to meet with tubes with a diameter of 2 mm and then extend 

horizontally along the span. The designs of the proposed aerofoil models used in this 

project are illustrated in Figure 3-18. 

 

 

Figure 3-18: The NREL S822 and S823 aerofoil models. 

 

3.6 Summary 

The practical settings required for the experimental tests are explained in this chapter. 

The prototypes and some parts of the wind tunnel were designed by using Creo 

Parametric6.0.0.0 and then manufactured by a 3D printing machine. The models 

manufactured are aerofoils of S822, S823 and the slots required for suction and 

blowing operations are made only on S822 aerofoil model. 
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The experimental section of the wind tunnel was made of Perspex material, making it 

convenient to fit the prototype and make it able to rotate inside the working area during 

the experiments. Blowing and suction system, the pressure system, and the smoke 

system have been configured, calibrated and connected to form the integrated system 

prepared for the test.  
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CHAPTER 4: AEROFOILS SIMULATION SETUP 

BY CFD 

4.1 Introduction 

Recent progress in computers has made it easy to predict fluid behaviour and the 

effects of pressure and velocity on fluid flow. Computational fluid dynamics (CFD) is 

an ideal way to understand the real events of fluid flow. It is also considered an 

appropriate tool for detecting possibilities for improving the performance of a wind 

turbine, so CFD is a preferable option to conducting multiple practical experiments to 

achieve the best performance and this, in turn, reduces both cost and time. No matter 

what type of software is utilised in the simulation, the underlying processes are 

identical. 

The purpose of this chapter is to verify the simulations using ‘ANSYS FLUENT 2020 

R1 ACADEMIC’ by performing the necessary tests to ensure that numerical errors are 

minimised. Two aerofoil profiles (NRELS822 and NRELS823) were selected to be 

simulated in the simulation setup. The simulation setup structure was planned, as 

illustrated in Figure 4-1.  
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Figure 4-1: The process of the simulation setup 

4.2 Boundary layer transition 

According to Sheng (2017, p. 1-8), the transition of the boundary layer is described in 

several varying modes, including natural transition; separation induced transition; 

bypass transition; and reverse transition. The transition across flat surfaces is 

considered a natural transition if the surface is smooth, and the intensity of free-stream 

turbulence is less than 1%. The natural transition is characterised by generating two-

dimensional waves called Tollmien-Schlichting (T-S) waves. If the intensity of free-

stream turbulence is greater than 1%, the T-S waves can be bypassed, and in this case, 

the transition is called Bypass Transition. In incompressible flow simulation, the 

turbulence intensity is taken to be 5% (Ali (2014). The transition caused by the effect 

of the reverse pressure gradient, which results in a laminar separation bubble (LSB) 

formation at the leading edge, is called the separation-induced transition. When an 

acceleration of flow occurs either at the leading edge (at the upper surface of the 

aerofoil), or the trailing edge (at the lower surface of the aerofoil), Reverse Transition 

occurs in which the turbulent flow turns into a laminar flow. 
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However, there are flow-related parameters that affect the transition process. Those 

are free-stream turbulence, pressure gradient, and the roughness of the surface. These 

parameters have helped scientists develop theories and models for the transition. The 

first parameter identified is free-stream turbulence, which affects all transition modes, 

for example, at higher levels of turbulence, bypass transmission occurs, which affects 

the transitions which occur due to flow separation. In addition, in certain 

circumstances, it determines whether the LSB state explodes or reattaches to the 

surface again as turbulent flow. The second parameter identified is the pressure 

gradient, which may influence the state of the onset of the transition or the flow 

separation process. A positive pressure gradient results in transition delay, while the 

reverse gradient expedites flow separation to occur. The third parameter relates to 

surface roughness. In the case of smooth surfaces, the natural transition occurs, while 

bypass transition may be expected to occur when the surface roughness is high. 

4.3 Transition models  

Laminar-Turbulent Transition assisted greatly with Low Reynolds’ predictions. LSB 

and its effect on the occurrence of the stall were investigated through the transitions 

processes (Serdar Genç and Kaynak, 2009). Sheng (2017, p. 9-20 ) classified transition 

modelling methods into three groups: The first group is based on stability theory for 

the natural transition prediction; the second group is based on Reynolds-averaged 

Navier–Stokes equations (RANS) for bypass and separation-induced transition 

predictions; The third group consists of two methods, Large Eddy Simulation (LES) 

and Direct Numerical Simulation (DNS), which are each capable of providing detailed 

transient results to different levels of accuracy. 

In those methods based on stability theory (first group), anticipating the start of Natural 

Transition occurs in low Free-Stream Turbulence conditions. This category consists of 

the 𝑒𝑁 method and the parabolized stability equations (PSE). Most unstable 

disturbances are represented by the total growth factor (N). With local parallel flows, 

the 𝑒𝑁 method is based on the theory of linear stability. Furthermore, the growth of 

the disturbance amplitude is calculated from the neutral point of the boundary layer to 

the position of transition. The use of the 𝑒𝑁 method includes three stages: for a given 
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geometry, finding the laminar velocity and temperature profiles, at various stream-

wise areas, is considered as the initial step. The subsequent advance is to determine 

the local growth rates of the most unstable waves among all velocity profiles. The last 

advance is to calculate the transition onset position dependent on the local growth rates 

incorporated along each streamline. However, surface roughness-induced and bypass 

transition are not predicted by the 𝑒𝑁 method, due to the hypothesis of local parallel 

flow, which is considered a significant problem concerning this method. 

Based on stream-wise distance, the PSE method calculates the mean flow, wave 

numbers and amplitude functions in order to predict the transition onset location. 

Moreover, the development of disturbance waves (both linear and nonlinear) can be 

solved by PSE. However, in three-dimensional (3D) flow, since the direction of flow 

is not always aligned with the surface of the body, it will be challenging to perform 

flow calculations using PSE because it is necessary to evaluate the growth of the 

turbulence amplitude along the streamlines. More detailed information about transition 

models can be found in (Malalasekera, 2007). 

4.4 Turbulence models 

Recently, modern prediction models have been developed which simulate the 

transition from laminar to turbulent flow at low Reynolds numbers, by using URANS 

and RANS based on CFD code, and on the other hand by using empirical correlation-

based methods. Serdar Genç et al. (2012) claimed that two-dimensional models 

showed success in predicting transitions but that the wall damping terms limited their 

usefulness. Nevertheless, a brief description of the two models was listed as follows:  

4.4.1 The three equation 𝒌ـ𝒌𝑳ـ𝝎 model 

The standard 𝑘ـ𝜔 model was extended to the three-equation 𝑘ـ𝑘𝐿  𝜔 modelـ

(Wilcox, 2006) and Serdar Genç et al. (2012). The aim of this development (in 

the 𝑘ـ𝑘𝐿ـ𝜔 model) was to predict the transition onset and its length. So, in 

addition to 𝑘ـ𝜔 transport equations (the turbulent kinetic energy 𝑘 and 
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specific dissipation rate 𝜔), it (𝑘ـ𝑘𝐿ـ𝜔 model) solves the transport equation 

of laminar kinetic energy (𝑘𝐿). The equation of 𝑘𝐿 was used to predict pre-

transition processes within the boundary layer that occur as a result of the low-

frequency and large-scale velocity fluctuations. Furthermore, it takes into 

account the natural and bypass transitions. In other words, the turbulent energy 

near the wall area can be divided into two energies, one of which is a small scale 

turbulent energy which helps to produce turbulence and the other is a large scale 

turbulent energy that contributes to the formation of the laminar kinetic energy 

(Serdar Genç et al. (2012). 

4.4.2 The Transition SST (𝜸ـ𝑹𝒆𝜽) model 

The Transition SST (𝛾ـ𝑅𝑒𝜃) model is used to predict an onset of transition and its 

length. It can predict the natural, bypass, and separation-induced boundary layer 

transitions (Rezaeiha et al., 2019). The Transition SST (𝛾ـ𝑅𝑒𝜃) model, which was 

developed by (Langtry and Menter, 2009) , is based on the coupling of the SST 𝑘ـ𝜔 

equations, which is/are used to predict the onset and duration of transition, with two 

other transport equations. One of these equations is for intermittency 𝛾 (Eq. 4-1), while 

the other (the momentum-thickness equation 𝑅𝑒𝜃) is to predict the beginning of the 

transition (Eq. 4-2).  

𝜕(𝜌𝛾)

𝜕𝑡
+

𝜕(𝜌𝑈𝑗𝛾)

𝜕𝑥𝑗
= 𝑃𝛾1 − 𝐸𝛾1 + 𝑃𝛾2 − 𝐸𝛾2 +

𝜕
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[(𝜇 +
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𝜎𝛾
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𝜕𝛾

𝜕𝑥𝑗
]      ………….4-1 

𝜕(𝜌𝑅̃𝑒𝜃𝑡)
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𝜕(𝜌𝑈𝑗𝑅̃𝑒𝜃𝑡)

𝜕𝑥𝑗
= 𝑃𝜃𝑡 +

𝜕

𝜕𝑥𝑗
[𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕𝑅̃𝑒𝜃𝑡

𝜕𝑥𝑗
]                   ………….4-2 

In the first equation, 𝛾 lies between zero and one, where when it is zero, the flow is 

considered fully laminar, whereas when it is one, the flow is considered fully turbulent, 

and the value between zero and one represents the state of transition. According to 

Sheng (2017, p. 21-54), 𝛾 can be interpreted as a measure of the probability of 

turbulent flow occurring over a fraction of the time during the transition.  
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In a study on the performance of a vertical axis wind turbine, conducted by Rezaeiha 

et al. (2019), seven disturbance models in addition to inviscid modelling were tested 

(Table 4-1), and they were compared with experimental studies. The unsteady 

Reynolds-Averaged Navier-Stokes (URANS) were used in this analysis. The study 

showed that the Spalart-Allmaras (SـA) model is unable to predict the high rotational 

characteristics of the wind turbine blade, resulting in incorrect predictions of turbine 

performance. Furthermore, they showed that using the realizable 𝑘ـ𝜀 and RNG 𝑘ـ𝜀 

models, the prediction of a stall occurs only at the trailing edge of the blade aerofoil, 

and the occurrence of stall cannot be predicted as seen in experimental tests. This, in 

turn, leads to fundamental differences in the prediction of the aerodynamic 

performance of the aerofoil. Finally, the prediction of the shed of the stall vortex did 

not occur via the 𝑘ـ𝑘𝑙ـ𝜔 transition model. For each of the above reasons, an incorrect 

prediction in the performance coefficient of the wind turbine occurs. However, the 

author stated that only the SST group (SST 𝑘ـ𝜔, SST 𝑘ـ𝜔 with intermittency transition 

model and Transition SST (𝛾ـ𝑅𝑒𝜃) model) was suitable for modelling, as this was the 

only group in reasonable agreement with the practice tests. 

Table 4-1: List of turbulence models according to a number of equations and 

transition models (Rezaeiha et al., 2019) 

Turbulence Models 
Number of 

equations. 

Transition 

modelling 

Inviscid model 0 No 

Spalart-Allmaras model 1  No 

RNG 𝑘ـ𝜀 model 2 No 

Realizable 𝑘ـ𝜀 model 2 No 

SST 𝑘ـ𝜔 model 2 No 
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SST 𝑘ـ𝜔 with intermittency transition model 3 Yes 

Transition 𝑘ـ𝑘𝑙ـ𝜔 model 3 Yes 

Transition SST (𝛾ـ𝑅𝑒𝜃) model 4 Yes 

 

In another study conducted by Aftab et al. (2016), a numerical analysis was performed 

on the NACA4415 aerofoil to predict a laminar separation bubble (LSB) at Reynolds 

number 120,000. In this study, several turbulence models were used as follows: 

Spalart-Allmars (S-A), SST 𝑘ـ𝜀, Intermittency (𝛾) SST, 𝑘ـ𝑘𝑙ـ𝜔, and 𝛾ـ𝑅𝑒𝜃 SST. The 

accuracy of these models was determined by comparing them with the results of 

previous experimental tests (Figure 4-2). The results stated that SpalartـAllmars was 

unsuitable for an angle of attack higher than or equal to 6º. Furthermore, it showed that 

SST 𝑘ـ𝜔, Intermittency (γ) SST, and 𝑘ـ𝑘𝑙ـ𝜔 are unsuitable to predict LSB. 

Nevertheless, the author proved that the Transition SST (𝛾ـ𝑅𝑒𝜃) model provides 

reliable results which are very close to reality compared to the other models 

investigated. It also accurately predicts the presence of LSB at low and high angles of 

attack. According to the results of those studies, the unsteady Reynolds-Averaged 

Navier-Stokes (URANS) with a model Transition SST (𝛾ـ𝑅𝑒𝜃) model were used to 

predict low Reynolds number aerofoil transitions. 
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Figure 4-2: Skin friction coefficient for the turbulent models used to predict LSB 

(Aftab et al., 2016) 

4.5 Grid quality evaluation 

Table 4-2 was used to select a good quality mesh. One of these criteria is the Skewness 

of the grid. Grid Skewness is an appropriate indicator for assessing mesh quality. The 

large Skewness affects the accuracy of the grid. The mesh is unacceptable when 

Skewness approaches one. Mathematically, the Skewness can be expressed as:  

𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒 − 𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒 

𝑜𝑝𝑡𝑖𝑚𝑎𝑙 𝑐𝑒𝑙𝑙 𝑠𝑖𝑧𝑒
 

Where: the optimum cell size is defined as the size of an equilateral cell of the same 

circumradius. 

The second criterion is the orthogonality quality of the grid, which relates to how close 

the angles of the adjacent faces or edges are to the optimal angle which is 90° for 

structured quadrilateral cells (quadrilateral faced elements) and 60° for unstructured 

triangular cells (triangular faced elements). The mesh is an excellent quality when the 

orthogonal is close to 1. A mesh which has low-quality values gives inaccurate 

simulation results as shown in Table 4-2. It is essential to determine the quality of the 

mesh accurately, but high quality means that the computing cost will be higher due to 

finer mesh. The meshing used in this project was based on unstructured triangular cells 

for both NRELS822 and NRELS823 aerofoils (Figure 4-3 and Figure 4-4, 

respectively). 

Table 4-2: The mesh quality evaluation in terms of skewness and orthogonal quality 

(Lim et al., 2018) 

Cell Quality  Value of Skewness  Orthogonal Quality 

Excellent > 0.00 – 0.25  0.95 – 1.00 

Good 0.25 – 0.50 0.70 – 0.95 
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Fair 0.50 – 0.75 0.20 – 0.69 

Poor 0.75 – 0.90  0.15 – 0.20 

Bad 0.90 – 1.00 0.00 – 0.14 

 

 

Figure 4-3:  Triangular mesh with 94,269 cells and maximum mesh metric skewness 

of 0.58 for S822 aerofoil 
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Figure 4-4:  Triangular mesh with 92,808 cells and maximum mesh metric skewness 

of 0.56, for S823 aerofoil 

4.6 NREL S822 aerofoil and NREL S823 aerofoil 

CFD modelling 

In this section, a computational fluid dynamics (CFD) for a two-dimensional (2D) 

aerofoil was investigated. The 2D model was designed for a small wind turbine. 

Analysis of the NRELS822 aerofoil, being a small wind turbine, was simulated via 

CFD modelling. The simulation procedures can be summarised in four steps: the 

geometry process; the process of creating the mesh; the setup and the solutions process. 

For the Geometry process, the simulation models (S822 and S823 aerofoils) were 

imported from Creo Direct 6.0.0.0 into DesignModeler. The dimensions of selected 

aerofoils were designed according to Figure 3-17 (in Chapter 3). In the Mesh 
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generation process, the type of grid used was unstructured mesh consisting of 57,141, 

2D triangular cells. A large number of triangular cells formed around the surface of 

the aerofoil, which enabled us to obtain accurate pressure gradient readings at the 

boundary layer in order to determine the state of flow separation and the adverse 

pressure gradient (APG). As the APG leads to flow separation, when separation 

expands, a stall occurs. Undesirable steep gradients occur near the leading edge, 

trailing edge and on the upper surface of the aerofoil at high angles of attack, so the 

grid size transit should be smooth. When moving away from the surface of an aerofoil, 

the resolution reduces as the mesh gradually becomes coarser. 

4.7 Boundary conditions 

The optimum computational conditions for aerofoil simulations can be shown in Table 

4-3. The computational domain dimension (Figure 4-5) was designed based on the 

dimensions of the wind tunnel test section (Figure 3 -5 in Chapter 3). In the test section 

domain, the accuracy of the boundary conditions is imperative in order to obtain 

meaningful values. The boundary condition was determined, as shown in Figure 4-5. 

At the inlet, the velocity and gauge pressure were defined, the inlet velocity was taken 

to be 15.8 m/s; while at the outlet, and the gauge pressure alone was defined. The 

gauge pressure at the inlet and outlet were made identical. According to Bernoulli’s 

equation and the continuity equation, the static pressure at the inlet and outlet of the 

test section was taken to be 149.4 Pa. This value was almost identical to the static 

pressure of the wind tunnel test section (-156 pascals) see Appendix B-1. 

Table 4-3: Optimum computational conditions for aerofoil simulations 

Aerofoils NRELS822 and NRELS823 aerofoils 

Simulation Type  Unsteady Simulation  

Fluid Material  Air  

Temperature  288 K  
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Kinematic Viscosity  1.4607 × 10−5 𝑚2/𝑠  

Reynolds Number 179,489 

Density  1.225 𝑘𝑔/𝑚3  

Wind Speed at test section  15.8 m/s  

Turbulent model  Transition SST (𝛾ـ𝑅𝑒𝜃) (4eqn) 

Inlet and outlet static pressure  -149.4 Pa  

Inlet intermittency gamma (𝛾) 1 

Inlet turbulent intensity 5% 

The angle of attack (AoA) 18° 

 

 

 

Figure 4-5: The computational domain of the NRELS822 aerofoil 
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4.8  Mesh independence study 

Five grid levels were implemented (Table 4-4) using a coarse mesh of 22,491 to finer 

mesh of 144,027 cells to identify the optimal mesh (numerically accurate without 

excess computational time). In Case 4 (with 94,269 cells), the values of lift and drag 

coefficients (Figure 4-6) were not affected by increasing the number of cells. Therefore 

this model was considered suitable for simulation. The Skewness and Orthogonal 

quality, as a Mesh Metric, was used to predict the Mesh quality. In Appendix B-2, 

Histograms for mesh quality (Skewness) of tested cases are listed. 

Moreover, the pressure coefficient (in all cases) was combined in addition to the 

experimental test in one graph (Figure 4-7). The points in the fifth case appear to have 

mirrored the points in the fourth case. Therefore, as suspected, the results are 

unaffected by an increase in the number of mesh cells. 

Table 4-4: The mesh quality of the NRELS822 aerofoil based on data obtained in 

Table 4-2 

Tested 

Cases 

 No. of 

elements 

Maximum element 

skewness 

Minimum element 

orthogonal quality) 

Case 1  22,491  0.84  Good 0.37 Good 

Case 2  33,116  0.64 Very good 0.50 Good 

Case 3  57,141  0.58 Very good 0.54 Good 

Case 4  94,269  0.56 Very good 0.67 Good 

Case 5  144,027  0.55 Very good 0.67 Good 
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Figure 4-6: Mesh Independence study for S822 aerofoil at inlet velocity 15 m/s and 

AoA 18° 

 

Figure 4-7: Distribution of pressure coefficient around the aerofoil for independent 

mesh cases, including the experimental test. 

Case 4 was applied using the URANS turbulent models to predict flow separation by 

using the skin friction coefficient (of the upper surface of the model) along the model’s 

chord (Figure 4-8). Certain models were unable to predict the flow separation, for 
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example, the SST 𝑘ـ𝜔 with intermittency transition and the SST 𝑘ـ𝜔 model. The 

remaining models demonstrated different locations of flow separation, but in the RNG 

kـε model, the separation point value was close to the separation point value in the 

used model (Transition SST (𝛾ـ𝑅𝑒𝜃) model). 

The lift and drag coefficients were represented for the same case (Case 4) using the 

URANS models (Figure 4-9). The transition SST (𝛾ـ𝑅𝑒𝜃) and RNG 𝑘ـ𝜀 modes showed 

similar values for both lift and drag coefficients but differences in flow separation 

points. 

 

Figure 4-8: Skin friction coefficient over the upper surface of the NRELS822 

aerofoil for the various URANS turbulent models 
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Figure 4-9: The lift and drag coefficients for the URANS turbulent models based on 

the Mesh in Case 4. 

4.9 Summary 

This chapter discussed the following aspects: the turbulence model used, the model’s 

geometry, the mesh generation processes, the grid quality evaluation, the boundary 

conditions and the mesh independence.  The transient SST (𝛾-𝑅𝑒𝜃) turbulence model 

was selected (with its default values) as the best model, to predict the flow separation 

and the adverse effect of pressure gradient on wind turbine blade performance. Five 

grid levels were tested to determine the optimal mesh. Case four was selected as the 

best grid level with 94,269 cells. The lift and drag were used as a parameter to 

investigate the mesh quality. In case four, the lift and drag coefficients were not 

affected by the increase in the number of mesh.  
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CHAPTER 5: EXPERIMENTAL AND CFD 

RESULTS COMPARISON  

5.1 Introduction  

This Chapter identifies the results obtained from experiments conducted on, and 

simulated work fulfilled by the transient SST (𝛾-𝑅𝑒𝜃) turbulence model via ANSYS 

Fluent 2020, R1 Academic. Figure 5-1 represented the main items of this chapter. The 

experimental tests and CFD results were performed on both S822 and S823 aerofoils. 

The primary purpose of conducting these tests was to validate the simulations (perform 

the necessary tests to ensure that the results simulated actual reality). However, the 

flow separation behaviour and pressure distribution will be determined as a second 

goal.  

 

Figure 5-1: Chapter structure 

In the experimental tests carried out in this study, in order to have a better view of the 

flow separation, a low inlet velocity (15.8 m/s) was adopted to avoid smoke dissipation 

(if using high inlet velocity) which would obstruct a clear view of the flow behaviour. 
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Furthermore, the multi-tube manometer (used to measure static pressure) was unable 

to provide readings when wind speeds at the test section were less than 10 m/s. 

Consequently, the wind speed adopted in the test section was specifically 15.8 m/s. 

Moreover, since flow separation occurs with high angles of attack (Figure 5-2), an 

angle of 18º was chosen to achieve the required flow separation and for conducting the 

visualisation process.  

 

Figure 5-2: Flow separation of S822 aerofoil for angles of attack between 0 and 21° 

with an inlet wind speed of 15.8 m/s. 
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5.2 NREL S823 aerofoil model 

Tests conducted using the NREL S823 aerofoil model were only intended to 

investigate the effect of velocity and angle of attack on the occurrence of flow 

separation. Active flow control (AFC) techniques were not applied to this type of 

aerofoil. The wind tunnel flow velocity is illustrated in Table 5-1. 

 

Table 5-1: Wind tunnel velocities and angles of attack for NREL S823 aerofoil  

 without AFC 

V (m/s) 9 & 15 

AoA 6º 9º 15º 20º 

 

Figure 5-3 shows the flow separation in the NREL S823 aerofoil model. The 

simulation results were mostly consistent with the experimental results. At both wind 

tunnel speeds, no flow separation was observed in angles of attack below 10º. Only a 

tiny detachment at the trailing edge of the aerofoil was noted, and this would not affect 

lift and drag forces. The separation increased with increasing angles of attack as well 

as with increasing wind tunnel speeds. Nevertheless, the increase in the flow separation 

capacitance is greater with the increase in the inlet velocity compared to the increase 

in the angle of attack. 
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Experimental test CFD test 
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Figure 5-3: Flow visualisation of the NREL S823 aerofoil 

5.3 NREL S822 aerofoil model and the effect of 

AFC 

This section includes results from simulations and experiments which studied the 

effect of both suction and blowing processes in different locations when compared to 

the baseline case (without AFC). 

In initial experimental tests, a loss in flow energy was noted. This was to be expected 

due to minor losses which occur due to the passage of air through valves, branches and 

bends as well as major losses due to friction between pipes and flow, and hence it 

became challenging to determine precise slots’ flow speeds. Therefore, 

blowing/suction speeds were measured at the precise location of the slots using an 

anemometer before any tests were carried out. At the same time, digital pressure 

gauges were incorporated into suction and blowing system, which controlled the flow 

using a flow control valve. Through a combination of these two processes, suction and 

blowing speeds were regulated, so that the control valve was controlled, taking into 

account the reading of the digital manometer to reach the required suction or blowing 

speeds. 
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To avoid 3D flow effects, as suggested by Chawla et al. (2014), a wide slot is required 

for suction control. Therefore, the width of suction slot was designed to be slightly 

wider than blowing slot. However, to make the mass flow rate in suction process equal 

to the mass flow rate in blowing process, and according to the principle of the 

continuity equation, suction velocity was chosen to be lower than blowing velocity as 

demonstrated in Table 5-2. Therefore, the total mass flow rate for blowing is always 

the same as the total mass flow rate for suction. 

Table 5-2: Speeds of blowing and suction techniques. 

AFC location Velocity / slot No. of active slots 

B1, B2, and B3 10 m/s 1 

S1, S2, and S3  -5 m/s 1 

Moreover, a visual imaging technique was used to see the effect of locations of 

suction/blowing techniques on aerofoil performance. Smoke visualization was used by 

Lee (2004) to observe the behaviour of flow around the aerofoil. In this chapter, the 

flow behaviour observed in the experiments is compared to the results from the 

corresponding simulation. In CFD, the velocity streamlines, pressure coefficient 

contours and velocity profiles were all collected in order to be presented in one graph. 

Furthermore, the experimental flow visualisation around the aerofoil model was also 

presented. 

Moreover, the pressure coefficient (𝐶𝑃) distribution was shown for both the 

experimental work results and simulation results in a single graph. Furthermore, 

another parameter being presented was the skin friction coefficient (𝐶𝑓). Finally, the 

trailing edge separation (TES) in both experimental and simulation was presented. 

In experimental tests, to ensure the accuracy of the results, each operation was 

performed three times, then the standard deviation was calculated. The average of the 

three tested points and their standard deviation errors were represented in the pressure 

distribution graph. 
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The observed behaviour of pressure distribution, as shown in Figure 5-4 matches what 

one would anticipate should occur, which is higher pressure on the lower surface (the 

pressure surface) than the upper surface. Also, on the pressure surface, the maximum 

pressure was noted at a region near to the leading edge. As for the upper surface 

(suction surface), the pressure at the leading edge was minimal and then began to 

increase as the flow heads towards the trailing edge. The gradual increase in this 

pressure led to the occurrence of early separation, as the flow could not overcome the 

adverse pressure generated. 

 

Figure 5-4: Pressure distribution of the baseline case around the aerofoil 

AFC techniques were developed to conduct large-scale tests to optimise methods for 

mitigating the flow separation with blowing and suction techniques. Suction and 

blowing techniques were implemented for 14 different configurations, including the 

baseline case (without AFC). The behaviour of some examples was almost identical, 

therefore in order to avoid repetition, samples of these tests (containing mostly obvious 

results) were taken and explained. The reason was these tests are for validation, and 

using a single slot for validation is better than using two or three slots. Another reason 

for choosing these technologies over others is that they are considered the basic 

techniques that must be tested first, as the behaviour of each technique must be known 
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separately before combining it with another technology. Therefore, only eight 

configurations are discussed in this chapter; the remaining cases are listed in Appendix  

C . However, the lift-to-drag ratios for all cases are compared. 

The eight techniques that will be discussed in this chapter are classified into three 

groups in addition to the baseline condition (Table 5-3). The first group included only 

blowing techniques (B1, B2, and B3) that exhibited only a single active slot. The 

second group included only suction techniques (S1, S2, and S3) that also exhibited 

only one active slot. The third group involves activating the best technique of blowing 

group (B3) with one at a time from the suction group (S1B3, S2B3, and S3B3). 

Table 5-3: Blowing and suction configurations presented in detail 

Baseline   blowing cases Only suction cases Only Suction and Blowing  

 no AFC B1, B2, and B3 S1, S2, and S3 S1B3, S2B3, and S3B3 

In this chapter, the effect of active control techniques (suction and blowing) on the 

adverse pressure gradient and hence on the delay of flow separation will be studied. 

Finally, in the following subsections, the results for each case shown in Table 5-3 will 

be illustrated and discussed separately, before finally being discussed together. An 

individual explanation for each technique, LSB, separation region, and pressure 

distribution on the upper surface will be illustrated, compared with the baseline. 

5.3.1 Baseline case (no AFC) 

The first test was conducted without any active flow separation control techniques. In 

this chapter, the simulation tests were validated by experimental tests. The simulation 

results showed that the behaviour of the separation of the boundary layer, from the 

upper surface of the aerofoil, has similar characteristics with the experimental data. 

That is, there is a good agreement between the two. The flow separation point (SP) 

was noted at around 𝑥/𝑐 =  0.23 (Figure 5-5-d). This point plays an essential role in 

determining the progression or delay of flow separation points after AFC procedures, 
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as it is the baseline reference for all separation points after the application of flow 

control techniques. It (the baseline case) occurred before slot B2 (Figure 5-5-a), which 

is very close to the leading edge. In the area of TES (Figure 5-5-a), the velocity profile 

revealed that reverse flow occurred with a maximum velocity of -8.21 m/s. Also, the 

velocity gradient vector on the upper half of the TES vortex was more extensive than 

in the lower half. In experimental work, due to the 3D view, when smoke spread 

through the model’s span (in the z-direction), the flow separation point was unclear 

(Figure 5-5-b). 

The main reason for the occurrence of boundary layer separation is the adverse 

pressure gradient on the upper surface (Figure 5-5-a). The pressure at the lower surface 

of the aerofoil was higher than the atmospheric pressure (𝐶𝑃 = 0). It gradually 

decreases towards the trailing edge, where it becomes approximately equal to 

atmospheric pressure after 0.92 𝑥/𝑐. At the same time, it can be noted that the pressure 

in the upper surface of the aerofoil was lower than atmospheric pressure and continues 

to increase towards the trailing edge of the aerofoil. Moreover, after 0.4 𝑥/𝑐, the 

pressure coefficient on the upper surface is approximately constant around the value 

of -0.6. 
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Figure 5-5: Results without AFC for flow inlet speed of 15.8 m/s and angle of attack 

of 18°. Flow visualisations around the aerofoil model for (a) simulation, showing 

streamlines and pressure contours; (b) experiment; (c) pressure coefficient (𝐶𝑝) 

distribution for both experimental and simulation results; (d) skin friction coefficient 

(𝐶𝑓) results of the baseline case (without AFC).  

5.3.2 Effect of blowing only 

The effect of blowing in slots B1, B2 and B3 will be discussed and compared with the 

baseline case. Figure 5-6 shows the results of the blowing technique at B1 (𝑥/𝑐 = 0.15 

(Table 3-1)). The separation point has moved slightly towards the leading edge (𝑥/𝑐 

= 0.16) (Figure 5-6-a and 5-d), so it (separation point) remains close to the leading 

edge. At the same time, an increase in pressure occurred from the leading edge to the 

point 𝑥/𝑐 = 0.35, followed by a slight decrease to the trailing edge compared to the 

baseline case (Figure 5-6-c). The separation in the baseline case occurred immediately 

after B1, and the angle of attack was high (18°) so B1 cannot help in delaying the 

separation. Furthermore, the momentum generated due to the blowing process, at an 
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angle of 30° with the upper surface of the model, will undoubtedly lead to an early 

separation compared to the baseline case. 

 

 

Figure 5-6: Flow behaviour of the blowing technique at B1 as per Figure 5-5. 
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Figure 5-7 shows the results from applying the blowing technique at station B2 (at 

location 𝑥/𝑐 = 0.36). This forms a LSB between B2 and S2 (Figure 5-7-a), due to the 

increased flow speed in that region. Moreover, as a result of blowing process at B2, it 

caused a delay in the separation point and moved it downstream from the point 𝑥/𝑐 =

 0.23 to the point 𝑥/𝑐 =  0.37. This was accompanied by a decrease in pressure from 

the leading edge down to B2, followed by a pressure fluctuation that continued until 

𝑥/𝑐 =  0.34, and then a very slight increase in pressure until the end. 

The third technique is blowing at slot B3 (𝑥/𝑐 = 0.54) (Figure 5-8). Due to the high 

angle of attack (18°), the LSB was formed and extended from 𝑥/𝑐 = 0.28, near S2, 

to 𝑥/𝑐 =  0.38, at B3. This was followed by another LSB occurring between B3 and 

S3, due to blowing technique at B3. Then the flow reattached with the surface until 

separation occurred at 𝑥/𝑐 = 0.51 . On the other hand, the pressure decreased from 

the leading edge to point 𝑥/𝑐 =  0.4 , followed by a fluctuation in pressure to the point 

of 𝑥/𝑐 =  0.45. A very slight increase was then observed that continued to the trailing 

edge. 

 

 



 

85 

 

   

 

Figure 5-7: Blowing technique flow behaviour at B2, as per Figure 5-5. 
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Figure 5-8: Blowing technique flow behaviour at B3 as per Figure 5-5. 
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5.3.3 Effect of suction only 

In suction techniques, the same procedures will be undertaken as with blowing 

operations described in the previous section (5.3.2). 

In Figure 5-9, suction technique at S1 (𝑥/𝑐 = 0.18) is represented. In this test, the 

point of flow separation (SP) has moved from the point 𝑥/𝑐 =  0.23 (in the baseline 

case) to 𝑥/𝑐 =  0.46 (with AFC). No LSB was observed in this test. The pressure 

decreased significantly compared to the baseline case until the point 𝑥/𝑐 = 0.21 

followed by a fluctuation in pressure as a result of the technique used (S1), resulting 

in a second, smaller pressure drop (0.20 <  𝑥/𝑐 <  0.42) due to the APG. Thereafter, 

there was a very slight increase in pressure until the end of the model. 

Figure 5-10 illustrates suction technique procedure of S2. It is noticed that LSB did 

not appear for the second time in the suction procedure. There was also a pressure drop 

to the point 𝑥/𝑐 =  0.33 followed by a short fluctuation and then an increase in 

pressure up to the trailing edge. The separation point occurred at the location of  𝑥/𝑐 =

 0.43 . 

Nevertheless, in Figure 5-11, which illustrates using the suction technique at S3, the 

extended type LSB was formed from point 0.25 < 𝑥/𝑐 <  0.41 (where suction 

technique used is present), and this is because S3 is too far downstream from the usual 

separation point. This approach is unable to overcome the effect of APG and leads to 

LSB generation. Moreover, there were no continuations of the re-attachment to the 

surface after LSB, but a separation occurred directly after S3. 
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Figure 5-9: Suction technique flow behaviour at S as per Figure 5-5. 
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Figure 5-10: Suction technique flow behaviour of S2 as per Figure 5-5. 
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Figure 5-11: Flow behaviour of the suction technique at a slot of S3 as per Figure 5-5 
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5.3.4 Effect of the best combination of suction and 

blowing  

From the results above, the best blowing technique was the technique at B3 slot, and 

the best suction technique was the technique at S1 slot so that the technique S1B3 will 

be tested (Figure 5-12). 

A short LSB appeared between slots B3 and S3 because of the technique at B3. The 

separation point was moved from 0.23 < 𝑥/𝑐 <  0.53. So, the combination of 

methods is an improvement on B3 and S1 individually. Moreover, after using both 

techniques (S1 and B3) individually, two short pressure fluctuations occurred (0.21 <

 𝑥/𝑐 <  0.24 and 0.45 <  𝑥/𝑐 <  0.47). The behaviour of the pressure drop for the 

combination S1B3 was similar to the two techniques S1 and B3 individually, but the 

combination of the two methods made the pressure drop greater by reducing the 

pressure on the upper surface overall. However, a very slight increase in pressure was 

noticed after the point of 𝑥/𝑐 =  0.47. This is normal since the pressure gradient 

becomes greater towards the trailing edge. 
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Figure 5-12: Flow behaviour of the suction technique at slots of S1 & B3 as per 

Figure 5-5 
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5.3.5 Comparison of AFC techniques  

The following diagram (Figure 5-13) shows a summary of the ten cases previously 

discussed in section 5.3. It is expected to give a clear visualization and perception of 

the significance of the inferred outputs related to the flow separation LSB, and APG 

effect. 

Since blowing in B1 was performed upstream of the separation point in the baseline 

case, the pressure on the upper surface increased because kinetic energy was added to 

the flow, which increased the amount of momentum. However, this accelerated the 

separation caused by the high angle of attack, so the separation point shifted towards 

the leading edge. However, in the B2 and B3 blowing techniques, a separation delay 

was observed with a short LSB generation downstream of each technique. 

Nevertheless, the separation delay in B3 was significant. However, a long LSB 

occurred upstream of the B3 technique. In other words, the blowing process in B3 

cannot wholly overcome the effect of APG upstream of the position of this technique 

(B3). However, it is considered the best technique (of the chosen locations) for 

blowing operations. 

From another point of view, it is known that suction operation reduces the amount of 

momentum and thus the effect of APG. However, since suction stations are located 

significantly downstream of the baseline separation point, the delay occurs with a long 

LSB before suction technique, as in the case of S3. However, because the suction 

technique in S1 occurred near the separation point, and even upstream of the separation 

point, it gave noticeably more positive results compared to other suction technique 

cases. It can be concluded that blowing should preferably be significantly downstream 

of the leading edge (after the flow exceeds the highest point (geometrically) on the 

upper surface of the aerofoil) and suction slot as close as practicable to the leading 

edge. In other words, it is preferable to have early suction with/without delayed 

blowing 
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Figure 5-13: Summary of AFC techniques used by explaining the LSB, SP, TES and pressure distribution. 
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In order to see the improvement in AFC implementation, the percentage improvement 

in the lift-to-drag ratio should be as found in Equation 5.1: 

Percentage 

improvement 
=

the new value − the original value 

|the original value|
 × 100  ..… 5-1 

The percentage of improvements of lift-to-drag ratios for all of the tested AFC 

techniques for high (18°) angles of attack, is shown in Figure 5-14. The results show 

that the best technique for blowing is B3 with an improvement of lift-to-drag ratio of 

30%. Also, it was shown that the best technique for suction is S1 with an improvement 

of 71%. S1 is significantly superior due to the presence of LSB during the procedure 

of the B3 technique. 

Based on Figure 5-14 the highest lift-to-drag ratio (𝐶𝐿/𝐶𝐷) is S1B3. So, it can be 

considered that S1B3 is the best technique with an improvement rate of 87%, at first 

glance. However, the power consumption is proportional to mass flow rate multiplied 

by velocity, so blowing consumes significantly more power. Therefore, AFC S1 gives 

results with more efficiency (71%) than the AFC S1B3 technique. Moreover, the 

additional cost of installing two slots, let alone the necessity to include both a vacuum 

pump and a normal pump is prohibitive. Therefore, in many engineering fields, the 

simplest solution is often the best, even if it is not the best scientific solution. 

Therefore, S1 will be the optimal technique for high angles of attack. 

Other tests were conducted for the same set of AFC techniques, but with an angle of 

attack of 9° to ensure that the drag coefficient could be reduced at low angles of attack 

compared to the baseline case. In Figure 5-15, the percentages of lift-to-drag ratios 

were represented for a lower (9°) angle of attack. The results show that the best 

technique was S3 with a value of 18%. Furthermore, S1 improves the lift-to-drag ratio 

to 14%. So S1 is optimal for both low/high angles of attack because the optimum 

design would be to install only one slot, instead of two. 
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Figure 5-14: Lift-to-drag ratios with their improvement percentages for S822 aerofoil 

AFC with AoA of 18° and 15.8 m/s inlet wind speed. 

 

Figure 5-15: Lift-to-drag ratios with their percentages for S822 aerofoil AFC with 

AoA of 9° and 15.8 m/s inlet wind speed. 
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5.4 Summary 

In this chapter, simulations performed on S822 and S823 aerofoil models using the 

transient SST (𝛾-𝑅𝑒𝜃). Turbulence model was validated by laboratory experiments. 

Separation points were also determined after applying suction and blowing techniques 

to the NREL S822 aerofoil. The delay in the occurrence of separation was 

accompanied by an improvement in lift coefficient, as the flow may be connected to 

the upper surface of the model due to high lift coefficient value. However, the drag 

coefficient may also be high, and its effect on the flow separation does not appear. In 

other words, the flow separation delay may appear as a result of the improvement of 

the lift coefficient, which may be accompanied by a rise in the drag coefficient. 

Therefore, the state of lift-to-drag ratio must be taken into consideration even if there 

is a fully-attached flow on the aerofoil surface. 

Moreover, the optimum technique was determined at high/low angles of attack. It was 

found that the S1 technique was the best  for high and low angles of attack . The reason 

for that is because using one slot with one vacuum pump is far superior to using two 

slots. Therefore the S1 technique for both low and high angles of attack will be 

investigated for multi suction’s velocities, and hence, the optimum technique will be 

investigated for a wide range of AoA in the next chapter.  
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CHAPTER 6: THE OPTIMUM AFC TECHNIQUES 

As mentioned previously, knowledge of aerofoil performance improvement lies in the 

knowledge of the highest glide ratio (lift-to-drag ratio). In the previous chapter, the 

optimum technique was found to be suction technique at slot S1, which provides the 

best lift-to-drag ratio for high and low angles of attack, respectively. In this chapter, 

the optimum suction velocities for several values of Reynolds numbers will be 

investigated. Figure 6-1 illustrates the methodology to obtain the optimal technique. 

 

Figure 6-1: The methodology to obtain the optimisation technique 

6.1 Parametric effect of suction velocities 

The simulation was performed on the NREL S822 aerofoil model with and without 

flow control techniques, for inlet wind speeds of 15.8 m/s, producing a low Reynolds 

number (1.83 × 105), for the chord line of the models (0.17 m). Two angles of attack 

(9° and 18°) were selected for low and high angles of attack conditions, respectively. 

Moreover, suction flow speeds were adjusted for the S1 technique in order to identify 
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the best operating condition. Four suction speeds were used in these tests (Table 6-1). 

Also, lift coefficient, drag coefficients and lift-to-drag ratio were represented for 

NREL S822 aerofoil, as shown in Figure 6-2-a, b, and c respectively). 

Table 6-1: Suction speeds at slot S1 which were utilized in the tests 

Suction speed at slot S1 (m/s)  -5 -15 -25  -35 

 

Figure 6-2: (a) Lift and (b) Drag coefficients and (c) the lift-to-drag ratio of S822 

aerofoil with AFC S1 for variable suction speed for low (9°) and high (18°) angles of 

attack (AoA) 

In order to establish the effect of suction speed on both the lift and drag coefficients, a 

specific suction case was studied at an inlet velocity of 15.8 m/s. The results revealed 

that the lift coefficients increase with the increase in suction speed (Figure 6-2 -a). 

However, the amount of increase at AoA 18°, is greater than at an angle of attack of 

9°. On the other hand, the drag coefficient (Figure 6-2-b) with an angle of attack of 

18° decreases when increasing suction speed up to-15 m/s because the amount of 

momentum sucked will increase, which reduces the effect of the adverse pressure 

gradient (Figure 6-3). Once a speed of-15 m/s is exceeded, suction velocity becomes 
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higher than the inlet velocity (15.8 m/s) so that the drag force becomes approximately 

stable. However, the increase in suction speed once-15 m/s is exceeded will improve 

the amount of lift force, and this is what makes the ratio of lift-to-drag increase. With 

an angle of attack of 9°, lift-to-drag ratio starts to rise slowly after suction speed of -5 

m/s. The drag coefficient with an AoA of 18° is higher than with an AoA of 9°. 

 

Figure 6-3: Pressure contour and streamlines of S822 aerofoil (AoA 18°) with 

variable suction velocity 

The lift-to-drag ratios for AFC S1 were examined using suction speeds, as mentioned 

in Table 6-1 and inlet wind speeds, in Table 6-2. Low Reynolds numbers were 

calculated (Table 6-2) according to inlet wind speeds mentioned when the chord line 

of the models was 0.17m. So the results of all required outputs (such as lift-to-drag 

ratio, power coefficient of the wind turbine, and wind energy production for low wind 

speed sites) will be presented according to Reynolds number instead of inlet wind 

speed. 

Table 6-2: Reynolds number for selected inlet velocities 

𝑉𝑖𝑛𝑙𝑒𝑡 (m/s) 15.8 25 35 45 

Reynolds No. 1.83 × 105 2.85 × 105 4.00 × 105 5.14 × 105 
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Figure 6-4 shows lift-to-drag ratios for the Reynolds numbers mentioned. When the 

angle of attack is 18°, the lift-to-drag ratios increase with the increasing suction speed. 

So the optimum suction speed, in this case, is -35 m/s according to the input data. 

However, when the angle of attack is 9°, the best suction speed is -5 m/s because it is 

close to the maximum lift-to-drag ratio for all Reynolds numbers. 

  

Figure 6-4: Lift-to-drag ratios for S822 aerofoil with AFC S1 for variable suction 

speed and several inlet wind speeds for AoA of 9° and 18° 

6.2 Parametric effect of flow Reynolds number 

In this section, the simulation was performed on the NREL S822 aerofoil model with 

and without active flow control (AFC)  techniques to identify lift and drag coefficients 

and hence, lift-to-drag ratios (Figure 6-5). The AFC S1 technique was employed, with 

the following preferred suction velocities: (-5 m/s for low AoA and -35 m/s for high 

AoA). Two angles of attack were implemented with these tests (9° for low AoA and 

18° for high AoA). The inlet wind speeds were varied, according to Table 6-2.  
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Figure 6-5: Lift-to-drag ratios with improvement percentages of S822 aerofoil with 

variable inlet wind speeds and optimum suction velocities ( -5 m/s for low AoA and -

35 m/s for high AoA) with AoA of 9° and 18° 

The results identified in Figure 6-5 reveal that using AFC S1 improved the aerofoil 

performance in all of the test cases. The maximum percentage improvement occurred 

at the lowest Reynolds number for both AoA, which is partly due to the corresponding 

lowest lift-to-drag ratio without AFC. Nevertheless, the amount of improvement at 

high angles of attack (AoA) (such as 18° for instance) is greater than at low angles of 

attack (for example, 9°). The reason for this is that the separation at higher AoA was 

large, and the flow separation point closer to the leading edge. From this, it can be 

concluded that the separation treatment requires considerable suction energy. 

Therefore, suction speed is 35 m/s for high AoA (18°), whereas, for the lower AoA 

(9°), the separation is closer to the trailing edge and therefore the separation was 
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tackled using less suction energy; therefore the lower suction speed of -5 m/s could 

effectively be utilised. Moreover, Figure 6-5 indicates that there is an optimal flow 

Reynolds number for a given suction velocity because, at the higher AoA, the lift-to-

drag ratio is approximately the same for the two highest Reynolds numbers. This 

optimal Reynolds number can be seen to decrease with increasing AoA; therefore, 

significant performance degradation at the highest experienced Reynolds number for 

a given suction velocity is only observed very close to the stall. 

For a given Reynolds number and AoA, there is an optimal suction speed which will 

balance the improvement in lift-to-drag ratio with the power consumption of the 

suction process. Determining this suction speed will be aerofoil-dependent, so it is a 

suggestion for future studies.  

6.3 Parametric effect of angle of attack 

In this section, lift and drag coefficients of both NREL S823 and NREL S822 aerofoils 

were investigated for a range of AoA.  

6.3.1 Performance of the NREL S823 aerofoil 

The simulation was conducted on the NREL S823 aerofoil model. The lift coefficient 

curves are shown in Figure 6-6-a, increase with increasing Reynolds number and with 

increasing angle of attack. The stall occurred at 20º. The drag coefficient (Figure 6-6-

b) reduced with increasing Reynolds number and increasing angle of attack. The lift-

to-drag ratios (Figure 6-6-c) improved with increasing Reynolds number; however, the 

largest value measured was at 6.  
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Figure 6-6:  Performance of the NREL S823 aerofoil with low Reynolds numbers: 

(a) lift coefficient; (b) drag coefficient; (c) lift-to-drag ratios 

6.3.2 Performance of NREL S822 aerofoil for baseline 

(without AFC) case  

The NREL S822 aerofoil (with/without AFC) was studied for lowest/highest Reynolds 

numbers (1.83E+05 and 5.14E+05 respectively). The lift coefficients (Figure 6-7 (a 

and b)) appear, as expected, to increase with increasing angle of attack and Reynolds 

number until they reach their highest value and consequently, the phenomenon of the 

stall occurs, where the lift coefficient decreases. At the same time, the drag coefficient 

(Figure 6-7-c and Figure 6-7-d)) slowly increases to the 15° angle of attack. The drag 

coefficient exponentially increases between 15° and 20°, but the rate of increase 

decreases once the lift coefficient recovers. It is only for AoA close to the stall that 

there is a significant effect of Reynolds number on the drag coefficient. The lift-to-

drag ratio (Figure 6-7-c) behaves qualitatively the same as the NREL S823 aerofoil, 
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except for the highest AoA, where the value is insensitive to either AoA or Reynolds 

number 

 

Figure 6-7: (a and b) lift and (c and d) drag coefficients with (e and f) lift-to-drag 

ratios with low Reynolds numbers for NREL S822 aerofoil with/without AFC 

techniques 

Based on Figure 6-7 –a, it can be seen that the improvement in lift coefficient begins 

after AoA of 9°, where the amount of improvement increases until an AoA of 18°. 

That is, the curve after that angle appears parallel to the case ‘without AFC’. In the 

higher Reynolds number case (Figure 6-7-b), the area between the two curves before 

and after the AFC is smaller than in the case of Figure 6-7-a. Figure 6-7-c and Figure 

6-7-d represent the drag coefficients at low and high Reynolds numbers for the two 

states before and after the flow control technique (AFC). Despite the slight 

improvement in drag coefficient for angles of attack of less than 12°, the lift-to-drag 

ratio improved as a result of improving the lift coefficient by more than the 



 

106 

 

improvement in drag coefficient as shown in Figure 6-7-e and Figure 6-7-f. However, 

the improvement in drag coefficient at a higher Reynolds number (Figure 6-7-d) is 

better after the angle of attack of 18° which is different to Figure 6-7-c, where it is 

noticed that the improvement in lift-to-drag ratios (in both Figure 6-7-e and Figure 6-

7-f) commences after a 6° angle.  

In Figures 6-6 and 6-7, in spite of the largest values of lift-to-drag ratios were measured 

at 6°, but the separation at AoA of 6° may not occur. The AoA of 9 is the mean for all 

low angles of attack .so the AoA of 6 will not be represented all low angles of attack. 

6.3.3 Performance of NREL S822 aerofoil with AFC 

The potential improvement of the NREL S822 aerofoil was investigated for the lowest 

and highest Reynolds numbers by applying the best suction velocities (S -5 m/s for 

low AoA (0 – 11°) and S -35 m/s for high angles of attack (12°-21°)). In general, the 

lift-to-drag ratio (Figure 6-8) reaches its highest value at the angle of 6° (for the 

majority of them). Moreover, the improvement in aerofoil performance increases with 

increasing AoA. Furthermore, increasing the Reynolds number increases the lift-to-

drag ratio. Finally, for each AoA, the improvement with Re 1.83+05 is greater than 

with Re 5.14+05.  
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 Figure 6-8: The effect of angle of attack on the lift-to-drag ratio for NREL S822 

aerofoil with/without AFC techniques, and for different suction speeds 

The flow separation expands with an increasing angle of attack. So more energy needs 

to overcome the adverse pressure gradient at high AoA and thus delay the separation 

as much as possible. Also at higher Reynolds numbers, the added energy produced by 

increasing the Reynolds number speeds up the flow and hence the ease of overcoming 

the reverse pressure gradient and thus improving aerofoil performance.  

On the other hand, at high AoA, suction speed is -35 m/s, and the inlet speed is 15.8 

m/s at lower Re, which is less than suction speed, while at higher Re, the inlet speed 

is 45 m/s, which is higher than suction speed. Therefore, logically, an improvement at 

a lower Re is a better outcome than a case of higher Re. 

At low AoA, there is no improvement at or before an attack angle of 6° (at higher Re) 

because suction speed is -5 m/s compared to the inlet velocity (45 m/s), in contrast, the 

improvement in the lower Re condition starts from 3° and increases to 6° by 7%. This 

is because suction speed is closer to the inlet velocity than in the case of the higher Re. 

After that attack angle (6°), the amount of improvement stabilizes and is parallel to the 
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baseline case (lower Re; no AFC) up to the AoA of 12°. This is because of the increase 

in the angle of attack, which make the effect on APG greater. 

6.4 Wind turbine performance and energy 

production 

Wind turbine performance theories, including the blade element and momentum 

theories, are explained in Appendix  D . In this research, a system was developed to 

improve the annual energy production for low wind speed sites, resulting in small 

horizontal axis wind turbines (sHAWT) with a rotor diameter of 10 meters, design tip 

speed ratio of 6.1, rated wind speed of 12 m/s, and two blades. Therefore, flow 

separation control technique (which has a significant effect on improving wind turbine 

performance) were used to delay the flow separation. NREL S823 aerofoil was utilised 

for the root of the blade (r/R (0-0.3)) and NREL S822 aerofoil for the tip blade (r/R 

(0.3-1)) as mentioned in Section 3 -5. The normalised radius ratio (r/R) is the ratio of 

the local radius of the blade to the wind turbine radius.  

In Sections 6.3 Chapter 6: , the optimal method that used in this project, was studied 

using the (S1) suction technology with different suction speeds. In this section, a 

computer program (Appendix  E  was written in Matlab to predict the performance of 

sHAWT, its power and hence, the annual energy production for a low wind speed sites 

in Australia. The analysis in this section was based on the lowest and highest values 

of the Reynolds numbers tested (Table 6-2). 

6.4.1 The geometry of wind turbine blades 

The rotor blade parameters (including chord line, twist distributions and aerofoil type) 

are considered essential when determining the optimal design for wind turbine rotor 

blades. So the chord line and twist angle of the aerofoils as functions of r/R were 

investigated (Figure 6-9) for a 10 m diameter wind turbine. The r/R = 0 located at the 

centre of the wind turbine rotor (hub), and the tip of the blade, r/R are both equal to 1. 
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Figure 6-9: The blade twist angle and chord line versus local radius ratio r/R 

 

6.4.2 The power coefficient (𝐂𝐩) 

 The power coefficient is a suitable formula for measuring wind turbine power. 

According to power   (6-1), the power coefficient of a selected wind turbine (Appendix  

F ) for rated wind speed (12 m/s) and the rated power of 25kW is approximately 0.30. 

Besides, the rotational blade speed was 140 rpm at its rated wind speed.  

 

 

𝑃𝑤 =
1

2
 . 𝜋. 𝜌. 𝑅2. Vr

3  

𝑃𝑟 = 𝑃𝑤 . 𝐶𝑝.𝑚𝑎𝑥 

………. 6-1 

Where 𝑃𝑤 is the wind power; 𝜌 is the air density; 𝑅 is the rotor radius  ;𝑉𝑟 is the rated 

wind speed ; 𝑃𝑟 is the rated power; and 𝐶𝑝.𝑚𝑎𝑥 is the maximum power coefficient that 

usually occurs at the design tip speed ratio 𝜆𝑑 . 

In Appendix G-1, the performance of a wind turbine or power coefficient versus tip 

speed ratio, for a design tip speed ratio (𝜆𝑑) of 4.9 and 6.1, was investigated without 

AFC and with using the best AFC technique for both lowest and highest tested 

Reynolds numbers. Although the optimum case incorporated three blades, it was found 

to be more costly (design, maintenance costs). On the other hand, due to the maximum 
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power coefficient which occurred at design tip speed ratio, the use of a design tip speed 

ratio of 4.9 will shift the curve of the power coefficient to the right. Consequently, the 

maximum power coefficient will be at five instead of six. Since the relationship 

between tip speed ratio (𝜆) and wind velocity is an inverse relationship (Equation 6-

2), high 𝜆 values occur at low wind speeds,  

𝜆 =
𝜋. 𝐷. 𝑁

60. 𝑉
   6-2 

Where D (m) is the rotor diameter; N (rpm) is the blade   speed, and V is the wind 

velocity (m/s);  

In Figure 6-10, the improvement in power coefficient is clear for both of the selected 

Reynolds numbers for tip speed ratio values of less than the design tip speed ratio (6.1). 

This means that improvement occurs when AoA is high. 

 

Figure 6-10: The power coefficient with/without the AFC for Reynolds numbers 

1.83E+05 and 5.14E+05, when design tip speed ratios equal to 6.1 and when the 

number of blades is two 

6.4.3 Wind turbine power and fixed rotational speed 

 



 

111 

 

 

 

Figure 6-11: Wind turbine power, (a and c) without AFC, and  (b and d) with AFC and 

versus rotational blade speed with multi wind speeds; the vertical (dashed lines for 

selected blade rotational speeds; the dashed curve marked as ‘𝑃𝑚𝑎𝑥’ represented 

maximum power at any wind speed. (a and b) for lowest Reynolds number and (c and 

d) for highest Reynolds number. 

To extract the maximum possible energy from the wind speed of 4 m/s, the rotational 

speed most appropriate to low wind speeds is 60 revolutions per minute (rpm). On the 

other hand, a wind turbine with a rated wind speed of 12 m/s operates at its maximum 

power at a rotational speed of 140 rpm (Appendix F-1). Nevertheless, in this latter 

case, the turbine will only produce significant power at wind speeds of 10–12 m/s. To 

extract significant energy from the intermediate wind speeds, let the rotational speed 

to be 110 rpm. , in the case of ‘with AFC’ and at a wind speed of 8 m/s, the wind 
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turbine power at 110 rpm and 60 rpm is the same value (7.75 kW). Using a wind 

turbine with a lower rotational speed for the same wind capacity is better than using a 

higher rotational speed because it reduces the wear on the turbine. Therefore, the speed 

of 8 m/s was considered among low wind speeds at which the turbine would operate 

at a rotational speed of 60 rpm. So the wind turbine power improvement for a rotational 

blade speed of 60 rpm; for wind velocities of (4-8 m/s); and for the case with/without 

AFC, are represented in Figure 6-12 

 

Figure 6-12: The wind turbine power for S822 aerofoil with/without AFC, versus 

wind speed for the rotational blade speed of 60 rpm. 

 Figure 6-12 shows that the use of suction technology (for low wind speeds) is 

appropriate for wind speed (5-8 m/s) and that the rate of improvement increases 

exponentially with increasing wind speed.  

The rated wind speed (𝑉𝑟) is between 1.5 – 2 of the annual mean wind speed (𝑉𝑚) for 

a site (Sedaghat et al., 2017). The annual mean wind speed for Adelaide is 4.3 m/s 

(Appendix H-2). So the rated wind speed for this site is about 8.6 m/s. So according to 

Figure 6-11-b, the wind turbine will not generate more than 13kW at 100 rpm. So it is 

necessary to select a wind turbine with a rated wind speed of 9 m/s in sites like these. 

However, in Townsville, the annual mean wind speed is 6 m/s. so the rated wind speed 

will be 12 m/s. Therefore when the wind turbine operates at 60 rpm (for wind speeds 

of 4-7 m/s) and 110 rpm for wind speeds of 8 and 12 m/s, much energy will be gotten 

for a range of wind speeds between (4-12 m/s). The maximum power which can be 

produced from using the wind turbine is 30.40 kW at a rated wind speed of 12 m/s.  
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In Figure 6-13, the percentages of power coefficient improvements were represented. 

The average percentage of improvement is 15%. 

 

Figure 6-13: The power coefficient, after/before AFC, versus wind speed for blade 

rotational speed of 60 and 110 rpm with their improvement percentages. 

6.4.4 Capacity factor and the annual energy production 

The mean wind speed data, Weibull parameters, and the capacity factor data are listed 

in Appendix  H . The capacity factor is an indicator of the amount of wind energy 

produced in a specific region during a limited period. Mathematically, it can be 

introduced, as shown in Equation 6-3 (Johnson, 2006). 

𝐶𝐹 =

𝑒𝑥𝑝 [− (
𝑉𝑖

𝐶𝑤
)

𝑘𝑤

] − 𝑒𝑥𝑝 [− (
𝑉𝑟
𝐶𝑤

)
𝑘𝑤

]

(
𝑉𝑟

𝐶𝑤
)

𝑘𝑤

− (
𝑉𝑖

𝐶𝑤
)

𝑘𝑤
 − 𝑒𝑥𝑝 [− (

𝑉𝑜

𝐶𝑤
)

𝑘𝑤

]  …….. 6-3  

Where 𝑉𝑖 is the cut-in wind speed; 𝑉𝑜 is the cut off wind speed and, 𝑉𝑟 is the rated wind 

speed. 𝐶𝑤 and 𝑘𝑤 are the scale and shape factors respectively for Weibull parameters 

and describe the wind speed frequencies for a specific region. 

A bar chart of capacity factor (CF) (Appendix H-3), for the selected sites, was 

implemented. An Australian map was included for the representation of the selected 

cities. The capacity factor has a significant role in estimating energy production. It can 

determine the average mean wind turbine power per hour (𝑃𝑒. 𝑎𝑣𝑒) of a selected wind 
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turbine when operating at the selected site. Weibull parameters should be provided to 

calculate the Capacity Factor CF. 

The annual energy production for a particular wind turbine is listed in Equation 6-4:  

𝐸𝑜 = 𝐶𝐹. 𝑃𝑟 . 8756 ………..  6-4 

Where the mean average power 𝑃𝑒. 𝑎𝑣𝑒 = 𝐶𝐹. 𝑃𝑟 ; 𝑃𝑟 is the rated power; (8760) is the 

number of hours per year. 

In order to calculate the annual energy production of a particular wind turbine 

operating in a given location, it is necessary to find the rated wind power (𝑃𝑟) produced 

at each wind speed “times the fraction of the time that wind speed is experienced, 

integrated over all possible wind speeds” (Johnson, 2006). 

The rated wind speed and rated power for the selected wind turbine are 12 m/s and 25 

kW respectively. Also, the capacity factor for Townsville is 0.237. So the annual 

energy production for the selected wind turbine is 51.851E+03 kWh. In contrast, the 

rated wind speed for the improved WT using the suction technique (S1) with the 

desired aerofoil types (S822 and S823 aerofoils) is 30.4kW. So the annual energy 

production for the improved WT is 63.050E+03 kWh. So the percentage of energy 

production improvement is 22% 

6.5 Summary 

For NREL S822 and S823 aerofoils as specific examples of HAWT blades, the wind 

turbine performance improvement and enhancements for a low wind speed site were 

investigated using the suction technique at slot S1. Multi-process was implemented to 

achieve improved wind turbine performances. The effect of each of the suction 

velocities, Reynolds number and angle of attack were studied for S822 aerofoil. 

Suction velocities of -5 m/s for low AoA and -35 m/s for high AoA were utilised with 

the lowest/highest selected Reynolds number (1.83E+05 and 5.14E+05) respectively. 

The lift and drag coefficients, as well as, to lift-to-drag ratio, were investigated for both 

S822 and S823 aerofoils. The lift and drag coefficients were investigated for S822 
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aerofoil with AFC (S1) techniques for a range of AoA (0-21). Wind turbine 

performance with/without AFC was predicted. Wind power versus rotational speed for 

multi wind velocity was predicted. The most productive rotational blade speeds were 

selected (60 rpm for low wind speeds less than 9 m/s, and 110 rpm for wind speeds 

greater than 9 m/s). Power coefficient versus wind speed was investigated. The average 

percentage of wind turbine performance improvement was 15% as a result of the 

suction technique. The percentage improvement for the improved wind turbine 

compared with the selected wind turbine (the baseline) was 22%. At a site with low 

mean wind speeds (like 4.3 m/s for Adelaide), When operating wind turbines (designed 

to operate in areas with high annual mean wind speeds) in areas with low annual mean 

wind speeds, much of the power (to be obtained at high annual mean wind speeds) will 

be lost. 
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CHAPTER 7: CONCLUSION 

In this study, the lack of efficiency of small wind turbines (with a rotor diameter of 10 

m) was investigated when operating in areas with low wind speed. A flow separation 

problem occurs when air passes over the aerofoil of a wind turbine. Therefore, suction 

and blowing techniques were used as one of the active flow control (AFC) methods 

available in order to overcome the adverse pressure gradient that causes the boundary 

layer to separate from the upper aerofoil surface. The primary objective of this study 

was to improve annual energy production for areas characterized as low wind speeds, 

by improving the wind turbine performance. Therefore, the specifications utilized were 

a horizontal axis wind turbine, with two blades, with a diameter of 10 m and a turbine 

capacity of 25 kW when operating at a rated wind speed of 12 m/s. Referencing data 

from the National Renewable Energy Laboratory (NREL), the NREL S822 and NREL 

S823 aerofoil types were identified as the most appropriate types for small-scale, 

horizontal-axis wind turbines (Table 2-1 in Chapter 2). 

In the first Chapter, primary and general information is presented about the need for 

alternative energy, and about how the wind turbine works with different types of wind 

rotor. The challenges facing the wind turbine and its performance are discussed, along 

with some related variables. 

In the second Chapter, the aerofoil components and the aerodynamic properties related 

to the wind turbine blade are defined. After that, the literature reviews relating to flow 

separation and how to control it in order to improve and maximize the annual energy 

output of the wind turbine were discussed. Finally, the previous studies and the 

research gap were discussed. 

In the third Chapter, the two prototypes are designed and manufactured for the 

aerofoils chosen. In the design process, sites for active control technologies (blowing 

and suction) were identified. Some parts of the wind tunnel necessary for the 

experimental tests to be accurately performed were also designed and manufactured. 

Suction and blowing systems and smoke systems were established. The smoke system 

was vital in order to visualize flow behaviour. 
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In Chapter four, the models (S822 and S823 aerofoils) was made to simulate the nature 

of laboratory work using the URANS transient SST (𝛾ـ𝑅𝑒𝜃) turbulence model via 

ANSYS Fluent 2020 R1 Academic, to validate the CFD model. A mesh independence 

study verified that the numerical errors were minimized. 

In the fifth Chapter, several tests were performed using the ANSYS program, and their 

results were compared with the results that were conducted in the laboratory to ensure 

the validity of the results prepared by CFD. 

A simulation study was also conducted on the effect of the adverse pressure gradient 

on the boundary layer separation. In addition to investigating the role of suction and 

blowing techniques mitigation of flow separation, it was thus able to identify the 

optimum techniques to apply at high and low angles of attack (AoA). It was discovered 

that a suction technique located as close as possible to the leading edge at x/c = 0.18 

(S1) was the best technique when considering all AoA among the various techniques 

tested. A total of 13 tests were performed using different combinations of 

blowing/suction techniques. The results showed that there was an improvement in 

aerofoil performance, based on 'the baseline'(no AFC), by 62% with high AoA (18°), 

and 38% for low AoA (9°). The reason for this is due to its proximity to the leading 

edge (x / c = 0.18), being upstream of any separation point (located at x / c = 0.23 for 

angles as high as 18°), therefore always being able to mitigate the adverse pressure 

gradient which causes separation. 

In Chapter Six, an optimization of the best technique is performed. The optimum 

speeds of these AFC technologies were investigated for low/high AoA (using the S1 

technique with a suction velocity of -5 m/s for AoA between 0-11° and -35 m/s for 

AoA between 12-21°. 

Moreover, the momentum lost due to a suction velocity of -35 m/s is substantial (at 

high AoA), so the adverse pressure gradient (APG) effect will easily be overcome, and 

the boundary layer remains attached to the upper surface of the aerofoil. At low AoA, 

the separation point will occur further downstream, enabling suction speeds of -5 m/s 

to suffice in overcoming the APG. Using large suction speeds at low AoA will generate 

a laminar separation bubble (LSB) and thus reduce the lift to drag ratio. 
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Furthermore, the lift and drag coefficients were investigated for a wide range of AoA 

(0-21°) for low Reynolds numbers (1.83E+05 and 5.14E+05). Subsequently, these 

values were used as inputs to the WT performance prediction program (Appendix E-

1). The results revealed that the improvement rate at low Reynolds number with high 

AoA was better than at high Reynolds number. The reason for this is due to the suction 

velocity (-35 m/s) being greater than the inlet velocity (15.8 m/s). In the case of higher 

Reynolds number, the suction velocity (-35 m/s) was less than the inlet velocity (45 

m/s). 

There is no doubt that the use of the NREL S822 and NREL S823 aerofoils (with ‘no 

AFC’), which served as the baseline for the flow separation treatment, contributed to 

making the wind turbine more efficient than it originally was. 

Wind turbines should operate in regions with a mean annual wind speed consistent 

with the rated wind speed of the turbine. Therefore, for instance, in Adelaide, the 

annual mean wind speed is 4.3 m/s (Appendix H-2), so the rated wind speed will be 

8.6 m/s (based on 𝑉𝑟 = (1.5 − 2)𝑉𝑚). This means that a wind turbine with a rated speed 

of 12 m/s and a rated power of 30 kW will only produce 13 kW at a rated wind speed 

close to 9 m/s. Here, much potential energy that this turbine could generate will be lost 

if it was to operate in regions with rated wind speeds of 6 m/s. The amount of increase 

in mean annual wind speed is small (4.3 to 6 m/s), but the amount of power is 

proportional to the wind speed cubed, and this is what generates substantial amounts 

of power. 

Finally, the results revealed that the use of the NREL S822 and S823 aerofoils with 

AFC enhance the wind turbine performance by an average of 15% compared with 

using ‘no AFC’. Moreover, the annual energy production will be improved, by using 

the improved wind turbine blade (with AFC S1), by 22% compared with annual energy 

production by using the selected wind turbine (no AFC and no using of S822 and S823 

aerofoils). On the other words, 15%, the baseline is the using   S822 without AFC. The 

improvement was made using  AFC, while, 22%, the baseline is the using the actual 

wind turbine (unknown aerofoil type as shown in appendix F-1), the progress was 

made using AFC. 
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SUGGESTED FUTURE WORKS 

It can be added some suggestion and recommendation future works like: 

 Design and manufacture a small wind turbine using S1 slot and testing in a 

large-scale wind tunnel.  

 Rotational Effects on Flow Separation when using S1 technique 

 Using the solar energy to operate  the pump for S1 technique  

 developing an optimal airfoil section along with the S1 system for low speed 

wind turbines. 
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APPENDICES 

Appendix  A   

A-1 The wind tunnel fan utilized in the tests 
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A-2 Smoke generator system  
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A-3  Pitot tube process calibration 

In order to calibrate the Pitot tube meter, a set of devices were used in the calibration 

system (Figure A-1). In this process, (a) an air compressor, (b) Omega flow meter 

(used to measure the mass flow rate); (c) Venturi-meter, and (d) the pitot-static tube 

was connected in series on the same flow stream.  

 

Figure A-1: The pitot tube calibration process 

In the Venturi meter (c), according to the principle of Bernoulli’s equation, the 

pressure difference is caused by reducing the cross-sectional area of the flow through 

the pipe. Therefore, the volumetric flow rate can be found from:  
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𝑄 = 𝐴1√

2

𝜌
(𝑝1−𝑝2)

(
𝐴1
𝐴2

)
2

−1 
 …………………….D-1 

Where Q is the volumetric flow rate (𝑚3/𝑠) ; 𝑃1 and 𝑃2 are the measured pressures 

(via digital manometer) at point 1 and point 2 respectively; the ratio of areas was 

 𝐴1: 𝐴2  =  2: 1. The ‘A’ is the cross-sectional area, at points 1 and 2. 

In the Pitot - static tube formula, the stagnation pressure is equal to the sum of the 

static pressure and dynamic pressure. So the velocity through a pipe can be expressed 

as: 

𝑉𝑝 =  √
2(𝑃𝑡−𝑃𝑠)

𝜌
 …………..D-2 

Where: 𝑉𝑝 is the flow velocity in the Pitot tube pipe; 𝑃𝑡  is the total pressure; and 𝑃𝑠 is 

the static pressure. 

The readings of the mass flow rate for connected devices were recorded and compared. 
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Appendix  B    

B-1 Calculations of static pressure at the test section 

 

Figure B-1: Schematics of the wind tunnel entrance 

 

 

 

 

 

 

  

Flow Rate = Flow Area × Flow Velocity 

𝑉1 = 2.4  

Bernoulli’s Equation Formula:  

𝑃1

𝛾
+

𝑉1
2

2𝑔
+ 𝑧1 =

𝑃2

𝛾
+

𝑉2
2

2𝑔
+ 𝑧2 

𝑃2 = −149.4 𝑝𝑎 , experimentally, it was-156 pa 

so it was acceptable within experimental error. 

A-1  
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B-2 The mesh quality on the base of skewness cell quality 

type for NREL S822 aerofoil 
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Figure B-2: Skewness mesh metric with the number of cells for S822 aerofoil 
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Appendix  C    

C-1 Flow visualisations around the aerofoil model of S822 

aerofoil using suction and blowing techniques 

 

 



 

138 

 

Figure C-1: Results with/without AFC for flow inlet speed 15.8 m/s and angle of 

attack 18°. flow visualisations around the aerofoil model for: (a) simulation, showing 

streamlines and pressure contours (b) experiment. (c) pressure coefficient (𝐶𝑃) 

distribution for both experimental and simulation results. (d) skin friction coefficient 

(𝐶𝑓) results of the baseline case (with AFC S2B3)  
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Figure C-2: Flow visualisations around the aerofoil model of AFC S1B3  

as per Figure C-1 

 

 

Figure C-3: Flow visualisations around the aerofoil model for simulation, showing 

streamlines and pressure contours, and experiment for AFC as a result of AFC B1B2 

for flow inlet speed 15.8 m/s and angle of attack 18°. 



 

140 

 

 

Figure C-4: Flow visualisations around the aerofoil model of AFC B2B3 techniques 

as per Figure C-3 

 

Figure C-5: Flow visualisations around the aerofoil model of AFC B1B3 techniques 

as per Figure C-3 
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Figure C-6: Flow visualisations around the aerofoil model of AFC B1B2B3 

techniques as per Figure C-3 
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Appendix  D    

D-1 Blade element and momentum theory 

Blade element and momentum is a combination of blade element theory (BET) and 

the momentum theory (Actuator disc theory) the details of which can be found in 

(Burton et al., 2011). 

Blade Element Momentum (BEM) theory is widely used in wind turbine applications. 

Rankine initially examined the establishment of aerodynamic theories to predict wind 

turbine performance and then expanded by Froude using Actuator disk theory (Sun et 

al., 2016). 

Two main factors are influencing the formation of aerodynamic forces. These are the 

distribution of pressure and the shear forces. Pressure forces act perpendicular to the 

surface, and shear forces affect with the surface tangentially. 

According to blade element theory (BET), the wind turbine blade should be divided 

into several sections as a 2D aerofoil in order to predict the aerodynamic forces. So 

each section should be treated individually (Ali, 2014).  

The blade root aerofoil profile requires a greater thickness (like S823 aerofoil) than 

the blade tip (like S822 aerofoil). A thinner aerofoil is required for the blade tip to 

mitigate drag and blade losses (Buhl, 2012). 

The boundary layer slows down the flow, transferring momentum in the transverse 

direction, thus creating lift on each side of the aerofoil (Figure D-1). A net lift force is 

created because the curvature of the aerofoil causes greater momentum transfer on the 

upper side than on the lower side. There is a drag in the viscous flow (laminar or 

turbulent) because a boundary layer is created by the slowing of the flow, which creates 

a drag force. There is no drag force in the inviscid flow, but there is no lift force either. 

Designers strive to reduce drag force and increase the lift force to improve aerofoil 

performance. (Johnson, 2006). 
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Figure D-1: The aerodynamic forces and angle of attack on a wind turbine blade. 

Shkara (2014) 

D-2 The velocity and force diagram acting on the aerofoil 

The velocity and force diagram was established on the base of Blade Element 

Momentum theory. Figure D-2 shows the velocity and force diagram acting on the 

aerofoil. The lift force (L) is perpendicular to the relative wind direction (𝑊), and the 

drag force is in the direction of the relative wind. So, the lift and drag forces are divided 

into two components, ‘perpendicular’ and ‘parallel’ to the undisturbed wind direction 

(𝑉1). 

1) Velocity Diagram 

Lift and drag coefficients are non-dimensional parameters. Those parameters vary with 

the velocity and angle of attack. Based on Figure D-2, there are two velocities; the first 

is in the direction of the undisturbed velocity, called the axial velocity (𝑉𝐴), and the 
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second is perpendicular to it called the tangential velocity (𝑉𝑇). Mathematically, these 

velocities can be expressed by: 

𝑉𝐴 = 𝑉1(1 − 𝑎) …………. D-1 

𝑉𝑇 =  𝑟𝛺(1 + 𝑎′) ……… D-2 

Where: 𝑎 and 𝑎′are the axial and tangential induction factors respectively, and Ω is 

the  

 

Figure D-2: The force and velocity diagram of the aerofoil (Shepherd, 1984) 

The two velocities will then combine to produce relative wind speed (W) and the 

relative angle with the rotation plane (Shkara, 2014). So the relative wind velocity 

can be calculated as follows: 

𝑊 = √𝑉𝐴
2 + 𝑉𝑇

2 ………….. D-3 
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The angle between the relative velocity vector (W) and the plane of rotation of the 

rotor is called the relative angle (𝜙) and can be expressed as:  

𝜙 = tan−1 𝑉𝑇

𝑉𝐴
 …………. D-4 

The angle between the chord line (the line connecting the leading edge and trailing 

edge of the aerofoil) and the plane of rotation is called the twits angle(𝛽). It is a static 

angle. The angle between the chord line and relative wind speed is called the angle of 

attack(𝛼). It is a dynamic angle. (Johnson, 2006). 

 The following formula can represent the relationship between these angles: 

𝜙 = 𝛼 + 𝛽 …………. D-5 

2) Force diagram 

The vertical components of the lift (𝐿𝐴) and drag (𝐷𝐴) forces will unite to form the 

axial force or thrust (𝐹𝐴). While the horizontal components (𝐿𝑇  𝑎𝑛𝑑 𝐷𝑇) combine to 

form the tangential force (𝐹𝑇) that causes torque this, in turn, causes the wind turbine 

to rotate. The thrust will be used by designers to ensure the construction of a wind 

turbine tower capable of withstanding those forces (Johnson (2006). The axial and 

tangential forces can be expressed as:  

𝐹𝐴 = 𝐿𝐴 + 𝐷𝐴 =  𝐿. 𝑐𝑜𝑠ϕ + 𝐷. 𝑠𝑖𝑛ϕ ….…… D-6 

 𝐹𝑇 = 𝐿𝑇 − 𝐷𝑇 =  𝐿. 𝑠𝑖𝑛ϕ − 𝐷. 𝑐𝑜𝑠ϕ  ….…… D-7 

 Both lift and drag forces depend on air density (𝜌), the   area (A) and the square of 

(𝑉1) in addition to lift and drag coefficients. So the lift and drag can be expressed as 

(Ali, 2014) :  

𝐿 = 0.5 𝜌 𝑉1
2𝐴 𝐶𝐿 ……………. D-8 

𝐷 = 0.5 𝜌 𝑉1
2𝐴 𝐶𝐷 ……………. D-9 

Where: 𝐶𝐿 𝑎𝑛𝑑 𝐶𝐷 represent the lift and drag coefficients. 
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Appendix  E    

E-1 A computer program to predict wind turbine 

performance 

A computer program was written in Matlab to predict the performance of low 

Reynolds number small horizontal axis wind turbine. The following parameters were 

found through this process: 

The chord line and twist angle of the aerofoils versus normalised radius r/R were 

illustrated in Figure D-2. 

The analysis of horizontal axis wind turbine performance can be performed through 

the combination of the momentum analysis (Blade momentum theory) of the rotor and 

the aerodynamic characteristics from blade element analysis (Blade Element Theory). 

Figure 2-11 shows both the axial and tangential forces and the velocity diagram. So 

the axial and tangential forces can be expressed as follows (Mahmood and Abbas, 

2011):  

From momentum analysis or BMT:  

Axial force, dFA,mom = 4πρV1
2(1 − a)a r dr ---------------------- D-1 

Torque, dQ,mom = 4πρV1Ω(1 − a)a′r3dr ---------------------- D-2 

And from blade element analysis:   

Axial force, 

 dFA,bl = 0.5 ρW2CA C B dr ---------------------- D-3 

Torque, 

dQ,bl = 0.5 ρW2CTr C B dr ---------------------- D-4 

The rotor solidity σ =
BC

2πr
     -------------------------- D-5 
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E-2 Blade parameters 

In order to determine the blade parameters, a chord line (the line in the aerofoil 

between the leading and trailing edges), and a twist angle (the angle between the plane 

rotation and chord line), must be calculated along the length of the blade. So several 

parameters should be prepared as input data as follows (Figure E-1-a). The rated wind 

speed (Vr) is the speed at which the maximum power of the wind turbine used is 

achieved; the number of rotor blades (B); rotor Radius (R); design tip speed ratio 

(d); the optimal angle of attack (opt), which is the angle at which the lift-to-drag 

rate is as high as possible; design Lift Coefficient (CLd) which is the value of lift 

coefficient at the optimum angle of attack; and Kinematic Viscosity (). Moreover, 

for each blade’s section, the following parameters (Mahmood and Abbas, 2011) should 

be calculated: 

Local design TSR rd  =  d ∗  
r

R
  ---------------------- D-6 

Design Relative angle ϕd =
2

3
tan−1 1

λ𝑟𝑑 
  ---------------------- D-7 

Blade Twist angle  =  ϕd − αopt ---------------------- D-8 

Blade Chord C = 8.  π.  r.
(1−cos(ϕ))

B. CLD
  ---------------------- D-9 

The angle of attack of the aerofoil profile has been changed substantially from degree 

to degree and to cover all possibilities of attack angles, as shown in Figure E-1-b. So 

it was required to determine the Induction factors (𝑎 and 𝑎′). The iteration process 

was implemented regarding those factors. The steps of this process were illustrated in 

Figure E-1-c. According to Table 1-1 in Chapter one; the blade was divided into two 

parts. The NERL S823 aerofoil was used for the first experiment, which was 

represented in the blade from root to mid-blade while the second section was 

represented from mid-blade to tip for the NREL S822 aerofoil. 

E-3 The process to establish the power coefficient 

In Figure E-1-b, the angle of attack α is varied systematically, from degree to degree 

for both the NREL S822 and NREL S823 aerofoils. Also, the axial and tangential 
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interference factors and 𝑎′ calculations were implemented. In the iteration process that 

intends to find the axial and tangential factors (𝑎 and 𝑎′), the initial values of (𝑎 and 

𝑎′) were defined as (0 and 0.01), respectively (Shkara, 2014).  

The following steps are followed sequentially to calculate the thrust and tangential 

coefficients CA and CT (Bavanish and Thyagarajan, 2013): 

The thrust coefficients 𝐶𝐴 = 𝐶𝐿𝑐𝑜𝑠𝜙 + 𝐶𝐷𝑠𝑖𝑛𝜙   ----------------- D-10 

The tangential coefficient 𝐶𝑇 = 𝐶𝐿𝑠𝑖𝑛𝜙 − 𝐶𝐷𝑐𝑜𝑠𝜙   ----------------- D-11 

By pairing equations (3-1) with (3-3) and equations (3-2) with (3-4), the axial and 

tangential factors can be calculated respectively (Le GouriÉRÈS, 1982, Le 

Gourieres, 1982). So,   

Axial induction factor(𝒶): 𝐺 =
𝒶

1+𝒶
=

𝐶𝐴𝜎

4 𝑠𝑖𝑛2 𝜙
   ----------------- D-12 

Tangential induction factor (𝒶′): 𝐸 =
𝒶′

1+𝒶′ =
𝐶𝑇𝜎

4 𝑠𝑖𝑛 𝜙𝑐𝑜𝑠𝜙
  ----------------- D-13 

According to Figure 2-11 in Chapter 2, the following two equations can be derived as 

illustrated in Figure E-1-c. 

So, to calculate the relative velocity: 𝑊 =
𝑉1(1−𝑎)

𝑠𝑖𝑛𝜙
  ----------------- D-14 

Calculate Tip speed ratio: TSR () from 𝑐𝑜𝑡𝜙 = 𝜆
𝑟

𝑅

(1+𝒶′)

(1−𝑎)
  ----------------- D-15 

Reynolds number (𝑅𝑒) can be expressed as 𝑅𝑒 =
𝑊𝐶

𝜈
 ----------------- D-16 

The torque coefficient can be derived from the following equation: 

𝐶𝑞 =
𝑄

0.5 𝜌 𝐴 𝑉2𝑅
   ----------------- D-17 

By conducting integration on equation 3-1 and considering equation 3-17, we can 

get:   

𝐶𝑞 = ∫ 8𝜆𝑟𝑎′(1 − 𝑎) (
𝑟

𝑅
)

2

d
𝑟

𝑅

1

0

  ---------------- D-18 
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Now from equations 3-13 and 3-15,   

𝐶𝑞 = 8 ∫ (1 − 𝑎)2 𝐸 𝑐𝑜𝑡 (𝜙) (
𝑟

𝑅
)

2

d
𝑟

𝑅

1

0

  ---------------- D-19 

So, the local torque coefficient (𝑚𝑟) from:  

𝑚𝑟 = 4(1 − 𝑎)2𝐸 (
𝑟

𝑅
)

2

𝑐𝑜𝑡𝜙  ---------------- D-20 

The pressure difference between suction (upper) and pressure (lower) surfaces of the 

aerofoil causes the flow to move from the high-pressure zone to the low-pressure 

zone. This leads to the generation of swirls in the blade’s tip area which subsequently 

turns into a wake, causing a loss in wind turbine power output (Ali, 2014) (Sun et al., 

2016). Rohrbach, Worobel, Goldstein and Prandtl studied the reduction of efficiency 

of the wind turbine. So The Prandtl relation can be expressed as Le GouriÉRÈS 

(1982) :(Darwish et al., 2019) 

𝜂𝑏 = (1 −
0.93

𝐵√𝜆2+0.445
)

2

  ---------------- D-21 

Calculate torque coefficient 𝐶𝑞 from: 𝐶𝑞 = 2 ∫ 𝑚𝑟𝜂𝑏𝑑
𝑟

𝑅

1

0
  -------- D-22 

Calculate power coefficient 𝐶𝑝 from: 𝐶𝑝 = 𝐶𝑞 . 𝜆  ---------------- D-23 
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Figure E-1: Flow chart for wind turbine performance prediction 
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Appendix  F    

F-1  The selected wind turbine specifications 

The selected actual wind turbine power was represented in Figure F-1. The 

information of the selected wind turbine has a rated wind speed (Vr) of 12 m/s and 

rotor Radius (R) of 5m. 
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Figure F-1: data from the actual small HAWT used in this project 

Appendix  G    

G-1 Changing parameters design of wind turbine rotor 

 In Table G-1, the design parameters to investigate the power coefficient were listed. 

Table G-1: The design parameters to investigate the power coefficient 

Design tip 

speed ratio 𝜆𝑑 

Reynolds 

number (Re) 

Number of Blades 

(B) 

Figure’s numbering 

of Figure G-1 

6.1 Re 1.83E+05 2 a 
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3 b 

Re 5.14E+05 

2 c 

3 d 

4.9 

Re 1.83E+05 

2 e 

3 f 

Re 5.14E+05 

2 g 

3 h 

 

In general, when a wind turbine utilises three blades, it performs more efficiently 

than with two blades. There is an improvement in the performance of the turbine as a 

result of using three blades. IF the improvement is only slight, this will then increase 

the manufacturing costs of the wind turbine and the maintenance procedures. Having 

said that, if the goal is solely to improve turbine performance at any cost, then three 

blades are preferable. Nevertheless, when the goal is purely economic benefit, then 

running the turbine with two blades would be preferable. In engineering and 

technical terms, two blades are better than three. 

At low Re, (Figure G-1-a and Figure G-1-b), the improvement in turbine 

performance is evident, but after = 8 , the power coefficient value is lower than the 

base case. However, at high Re (Figure G-1-c and Figure G-1-d), although there was 

no significant improvement, it did not drop below the baseline. 
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 Figure G-1: The power coefficient with/without the AFC for Reynolds numbers 

1.83E+05 and 5.14E+05, when design tip speed ratios equal to 6.1 and 4.9 and when 

the number of blades is 2 and 3.  

The maximum power coefficients with AFC are represented in Figure G-2. Despite 

additional design and installation costs, the performance of a wind turbine with three 

blades exceeds that of a wind turbine with two blades. Moreover, the use of design tip 

ratio with a value of 4.9 provides acceptable results compared with the case of 6.1. In 

the case of Figure G-2-d and Figure G-2-h, the maximum power coefficients with AFC 

are the same (0.4), but without AFC, Figure G-2-h is preferable because a vacuum 

pump for suction will be required. Therefore, these additional costs need to be 

considered in finding the annual energy production. 
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Figure G-2: The maximum power coefficients before/after AFC (S1) with their 

improvement percentages for two/three blades, lowest/highest tested Reynolds 

number, and design tip speed ratio of 4.5 and 6.1. 

So, for the selected best case, the maximum power coefficient for the wind turbine 

after conducting AFC was 0.388 and 0.401 for tested Reynolds numbers. The output 

power versus the blade rotational speed for multi-available wind speed and tested 

Reynolds numbers were shown in Figure G-3 

  

 

Figure G-3: Wind turbine power without (a and c) and with (b and d) AFC versus 

rotational blade speed with multi wind speeds; the vertical dashed lines represent 

selected blade rotational speeds; the dashed curve marked ‘Pmax’ represents the 

maximum power at any wind speed. 
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Appendix  H    

H-1 Weibull distribution 

Weibull distribution is best suited to describe the probability of wind speed being 

available, and it is imperative to determine the power factor (Darwish et al., 2019). 

Two parameters, the shape (𝐾𝑤) and scale (𝐶𝑤 m/s), characterize the Weibull 

distribution (Johnson, 2006). These parameters are essential for selecting locations for 

wind turbine installation. Besides, they give a good description of the probability of 

availability of annual wind speeds. Shape and scale parameters for selected regions in 

Australia were represented in Figure H-1. These values were used to find the Capacity 

Factor (𝐶𝐹) for the operation of the wind turbine in the selected sites. 

 

Figure H-1: The Weibull Parameter values for multi-sites around Australia. 

H-2 Mean wind speed for regions in Australia  

Mean wind speed is the average available wind speed in a region. According to the 

Bureau of Meteorology (BOM) wind speed availability data (Table H-1), the mean 

speeds for several regions in Australia were used in the calculation of capacity factor. 

The mean wind speeds in Australia (Figure H-2) range from 4 m/s to 8 m/s. There are 
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some regions with lower wind speeds than this, where the mean speed in between two 

regions lies between 4 and 5.5 m/s. 

Table H-1: Mean wind speeds and Weibull parameters for sites in Australia (BOM). 

Where, 𝑉𝑚𝑒𝑎𝑛 is the mean wind speed; 𝑘𝑤 is the shape parameter and 𝐶𝑤 is the scale 

parameter. 

Station 𝑉𝑚𝑒𝑎𝑛* (m/s) 

Weibull Parameters* 

𝐾𝑤 𝐶𝑤 (m/s) 

Canberra *1 6.2 2.03 7.15 

Sydney *2 7.5 1.85 8.37 

Tamworth *2 5.32 2.03 6.15 

Williamstown *2 4.7 1.51 5.24 

Darwin *3 5.5 2.39 6.32 

Tennant Creek *3 7.3 2.60 8.35 

Longreach *4 6.01 2.34 6.93 

Townsville *4 6 2.42 6.96 

Weipa *4 5.81 2.25 6.68 

Adelaide *5 4.3 1.89 5.05 

Woomera *5 7.3 2.51 8.30 
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Hobart *6 7.1 2.01 8.16 

Strahan *6 8 1.91 9.12 

Melbourne *7 7.1 1.91 8.15 

Mildura *7 5.8 2.37 6.65 

Albany *8 6.6 2.38 7.55 

Kalgoorlie – Boulder *8 6.6 2.59 7.50 

Port Hedland *8 6.6 2.26 7.61 

*1Capital of Australia ; *2City in New South Wales; *3City in Northern 

Territory; *4 City in Queensland; 

*5 City in South Australia; *6 City in Tasmania; *7City in Victoria; *8City in 

Western Australia. 
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Figure H-2: The mean wind speed for multi-sites around Australia 

H-3 Capacity Factor and annual energy production  

The values of CF were presented in Figure H-3 

 

Figure H-3: The capacity factor (CF) for low wind speed sites around Australia. 
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