
ABSTRACT 

Aerodynamic and Aeroacoustic Design Considerations for Small-Scale, Fixed-Pitch, 
Horizontal-Axis Wind Turbines Operating at Low Reynolds Numbers 

Andrew W. Hays M.S.M.E. 

Mentor: Kenneth W. Van Treuren, D. Phil. 

Renewable energy is needed now more than ever to meet demands as conventional 

energy sources are being depleted. Wind energy has the potential to provide a substantial 

amount of renewable energy. Of increasing interest is the development of small wind 

turbines for residential and urban applications. In these settings, a new concern is the noise 

that these turbines produce due to their operation at higher rotational speeds. Experimental 

noise data for the NREL S823, Eppler 387, NACA 4412 and NACA 0012 2D airfoils were 

taken for Reynolds number from 50,000 to 200,000. From these studies, trends based upon 

airfoil shape were gathered and used in choosing an airfoil for testing in a new rotor design. 

From these trends, two airfoils were chosen to compare to the baseline rotor that utilized 

the S823 airfoil. The two new rotors, using the Eppler 216 and SD 7062 airfoils, showed 

an increase of power production from 5-60%. These rotors were also able to reduce the 

generated noise by up to 9.5 dB(A). 
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CHAPTER ONE 

Introduction 

Renewable energy is needed now more than ever to meet the demand for world 

energy consumption. While there are many types of renewable energy sources, wind 

energy is one of the fastest growing markets. This chapter discusses the current status of 

the energy market, the need for renewable energy sources, namely wind energy, the 

motivation for this work, and the impact it can have on the wind turbine market. This thesis 

focuses on the aerodynamics and aeroacoustics of small-scale, fixed-pitch, horizontal-axis 

wind turbines designed for Class 2 wind speeds and their potential in a densely populated 

urban environment. 

Energy 

The Energy Information Administration’s International Energy outlook forecasts 

that energy consumption from renewables will increase at a steady rate of 2.9% through 

the year 2040 [1].  While this accounts for all renewable energy sources (solar, hydro, wind, 

etc.), much of this growth comes from wind power [1]. In the United States, the Department 

of Energy has set a short term goal of 20% wind energy by the year 2030. The long term 

goal is to have 35% wind energy by 2050 [2]. This long term goal would equate to 404 

GW of installed capacity [3]. Wind turbine growth in the United States has shown a decline 

in recent years. The installed capacity of 65 GW in 2014 has lagged predictions [4].  

Earth’s population is expected to grow by 23% through the next 30 years and power 

consumption is expected to increase by 33% over the same time period [5]. While 
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renewable energy is on the rise, most of today’s power is generated by non-renewable 

sources. In 2009, 93.4% of world energy consumption was generated by non-renewable 

resources [6]. Just a year later, in 2010, the number dropped to 92%, as seen in Figure 1.1 

[7]. In 2015, this number has drastically dropped to about 78%, seen in Figure 1.2.  

 

 

 
 

Wind Energy 

 From the figures and numbers listed above, using fossil fuels is not sustainable and 

an alternative is needed. Along with the growth of renewable energy, more research is 

needed to improve these power generation sources. Wind energy is the fastest growing 

renewable source, growing at nearly 3% per year [8]. In fact, the recent increase in 

 
Figure 1.1. 2010 Sources of Power Generation [7] 

 
Figure 1.2. 2015 Sources of Power Generation [3] 
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renewable energy is primarily due to wind power, accounting for 33% of the growth in 

these years [3]. In 2012, non-hydropower renewable energy accounted for 5% of the total 

world generation. In 2040, this number is predicted to grow to 14%, with much of this 

growth coming from wind energy [1]. In 2015, there was an increase in wind power of 63 

GW, nearly 15% of the world’s total wind power. There are currently 80 countries that are 

utilizing wind power and eight of these countries produce more than 10 GW [8]. China is 

leading the world with a total of 145 GW, the United States is second with 65 GW, and 

Germany is third with 45 GW. The continued growth of wind energy is based on the low 

cost of energy prices and the government incentives for generating renewable energy.  

Wind Turbines 

There are two broad categories of wind turbines, horizontal-axis (HAWT) and 

vertical-axis wind turbines (VAWT), seen in Figure 1.3. Vertical-axis wind turbines are 

further divided in to two types, savonius and darrieus rotors, seen in Figure 1.4. Savonius 

turbines are drag devices and Darrieus turbines are lift devices. Both VAWTs have the 

advantage of easily operating when the wind is blowing in varying directions. While this 

Figure 1.3. Horizontal-Axis (left) and Vertical-Axis (right) Wind Turbines [9, 10] 
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can be an advantage for a metropolitan setting, the efficiencies of these turbines are not 

very high. The other, and more common wind turbine, is the horizontal-axis turbine. This 

turbine is also a lift device and is the focus of this research. The advantage of using a 

horizontal-axis turbine is the increase in efficiency, as seen in Figure 1.5.  

 
 

 

 
Figure 1.4. Darrieus (left) and Savonius (right) Rotors [10, 11] 

 
Figure 1.5. Wind Turbine Efficiencies [12] 
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Small Wind Turbines 

The common HAWT is a utility, or large-scale wind turbine. These turbines range 

in size, but are usually up to 200 meters tall, and produce over 8 MW of power. Small wind 

turbines are defined in terms of physical size and power production, but the definition of a 

small turbine is not standardized and varies greatly. The American Wind Energy 

Association (AWEA) defines small wind as anything less than or equal to 100 kW [13]. In 

the United Kingdom, the small wind turbine industry further breaks this down into three 

categories: micro wind (0-1.5 kW), small wind (1.5-50 kW), and medium wind (50-500 

kW) [14]. Clausen and Wood define small wind turbines with three similar categories: 

micro wind (0-1 kW), mid-range (1-5 kW), and mini (>20 kW) [15]. Each of these 

categories have their own application; micro wind is useful for electric fences and charging 

boat batteries, mid-range or small is useful for remote houses and remote lighting, and mini 

or medium wind can be used for nano or distributed grids and remote communities. Other 

definitions on the sizes of wind turbines are based on their physical dimensions. One 

example is the World Wind Energy Association (WWEA). They use a definition from the 

International Electrotechnical Commission (IEC) 61400-2 of a swept rotor less than 200 

m2, which would equate to approximately 50 kW [16]. While this market has been 

historically overlooked, these small turbines are predicted to grow in the coming years [16]. 

In 2014, over 80% of these small turbines were used as standalone systems. Another 

common use for small turbines is with the distributed grid [17].  

Urban Turbines and the Distributed Grid 

A distributed grid, or a “micro-grid”, is defined in terms of the application based 

on the wind turbines’ location relative to the end use and the power distribution 
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infrastructure [17]. These distributed grids have advantages over a national grid due to their 

independence and autonomy. With small turbines and a distributed grid system in an urban 

environment, the idea of a distributed urban grid is promising. An advantage of this grid 

system is being able to produce the power near the demand. Cities consume an estimated 

75% of generated power [18]. While wind resources in an urban environment are usually 

not ideal, there is research being done to optimize the airflow around buildings, the wind 

turbine location, and the wind turbine rotor for the specific flow conditions. Although the 

energy produced in an urban environment is lower than that of open rural areas, it is still 

better than no power production at all [19-28].  

A concern that arises with the implementation of urban turbines is the noise they 

produce [25]. Smaller wind turbines operate at higher RPMs, which leads to increased 

noise generation. There have been studies on utility scale turbines and the noise they 

produce, but there have yet to be studies of noise in the urban environment.  

 
Wind Classification 

 The U.S. National Renewable Energy Laboratories (NREL) has determined that 

Class 3 and above winds are ideal for most wind turbine applications [29]. The concern is 

that most urban centers are not in a Class 3 zone. A wind resource map of the U.S. and the 

NREL classifications can be seen in Figure 1.6. Table 1.1 shows the breakdown of the 

NREL classifications at a height of 10 and 50 m [29]. Again, while Class 2 winds may not 

be considered ideal, producing some power is better than producing nothing at all. 

Designing wind turbines for these low wind speeds is a challenge, but successful designs 

can significantly increase power production. Burdett and Van Treuren studied a 

commercially available small wind turbine, the AirX, and compared it with a Class 2 



7 

optimized turbine. Their results showed that the optimized turbine increased the power 

production by 60 to 100% [31]. A study by Womeldorf estimates that the levelized cost of 

energy (LCOE) for Class 2 wind would be less than the most cost-effective off-shore wind 

turbines [32].  

Table 1.1: Class Breakdown of Average Wind Speed at 10 and 50 m [31] 
Height 10 m (32.8 ft.) 50 m (164.0 ft.) 

Wind Power 
Class 

Wind Power 
Density, W/m2 

Speed, 
m/s 

Wind Power 
Density, W/m2 

Speed, 
m/s 

Qualitative 
Assessment 

1 0 - 100 0.0 - 4.4 0 - 200 0.0 - 5.6 Poor 
2 100 - 150 4.4 - 5.1 200 - 300 5.6 - 6.4 Marginal 
3 150 - 200 5.1 - 5.6 300 - 400 6.4 - 7.0 Fair 
4 200 - 250 5.6 - 6.0 400 - 500 7.0 - 7.5 Good 
5 250 - 300 6.0 - 6.4 500 - 600 7.5 - 8.0 Excellent 
6 300 - 400 6.4 - 7.0 600 - 800 8.0 - 8.8 Outstanding 
7 > 400 > 7.0 > 800 > 8.8 Superb 

 

Figure 1.6. NREL Wind Resource Map [30] 
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Objectives and Scope of this Study 

 There are two main objectives in this study: to investigate the noise generated by 

2D airfoil sections to establish criteria for designing a quieter airfoil and then to apply this 

knowledge to a small-scale, fixed-pitch, horizontal-axis wind turbine operating in Class 2 

wind speeds. This study focuses on the aerodynamics of these turbines and the associated 

aeroacoustic noise emissions. Class 2 wind speeds are used for testing as this is the typical 

wind resource in an urban environment. These wind speeds are also chosen because current 

commercial small wind turbines are not usually optimized for these speeds and these 

turbines are also not optimized for lower noise signatures. 

 This work studies the aerodynamic performance and aeroacoustic noise signatures 

of 20 different airfoils, both experimentally and computationally. From these studies, four 

optimized wind turbine rotors were designed and tested in a wind tunnel environment. 

These four rotors were tested for power production and noise generation. 

 
Presentation Outline 

 This thesis consists of three main parts: background research and theory behind the 

work, design and testing of airfoils and wind turbine rotors, and conclusions and future 

work on this project. Chapter two presents the literature search examining what has been 

done in recent years regarding aerodynamics and aeroacoustics, along with the applications 

to small-scale horizontal axis wind turbines. Chapter three provides the theoretical 

background needed to understand the aerodynamics and physics of wind flow, 

aerodynamic performance, and noise generation. Chapter four contains the airfoil studies 

that have been performed. Chapter five presents the wind turbine design procedures and 
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the wind turbine rotor tests. Chapter six summarizes all of the presented work and 

concludes with recommendations for future studies.  
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CHAPTER TWO 

Literature Survey 

 
 This chapter will examine previous research related to small wind turbines, 

aerodynamics, aeroacoustics, and wind turbines in the urban environment. These four 

sections will explore what has been reported for small wind turbines and their expected 

future. 

Small Wind Turbines 

 Currently, there is no standard definition of a small wind turbine. Different 

associations define small wind based on their rotor size or their power production. Also, 

some definitions break the category of small wind into smaller categories of micro, mini, 

mid-range or medium wind. Table 2.1 summarizes the different definitions of small wind 

turbines. Due to the range of definitions, a standardization is desired to define small wind 

turbines. For the context of this work, a small wind turbine will be considered as 0-10 kW. 

Small-scale wind turbines are well suited for optimization at lower wind speeds and 

this work will focus specifically on Class 2 winds, as defined by NREL. These lower wind 

speeds are not viable for large, utility scale turbines. The DOE’s goal of 20% wind energy 

Table 2.1 Small Wind Definitions [13 – 16] 
AWEA UK Clausen and Wood WWEA (IEC) 

Small 0-100 
kW 

Medium 
Wind 

50-500 
kW 

Mini 
Wind 

5-20 
kW 

Small 
Wind 

0-200 
m2 

 Small 
Wind 

1.5-50 
kW 

Mid-
Range 

1-5 kW  

Micro 
Wind 

0-1.5 
kW 

Micro 
Wind 

0-1 kW 
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by 2030 does not include Class 2 wind resources. Due to the high costs of offshore wind, 

Class 2 resources should be considered. There are, however, objections to small wind, 

especially in populated environments. Chiras et al. characterizes these as wind variability, 

bird mortality, ice throw, aesthetics, property value, and unwanted noise [33]. Even with 

these objections, Chiras et al. explains a counter argument to each, and some of these issues 

can be addressed in the design and manufacturing process. Also, every source of energy 

has certain objections but power generation is necessary in today’s world and providing 

this energy in a clean form is preferred to fossil fuels.  

In the United States, there are currently 54 small wind turbines that are 

commercially available [13]. These models are used for homes, schools, remote housing 

and other facilities as well. While these turbines can be used individually to generate 

power, a common strategy is to use a small wind system in conjunction with other 

renewable sources or fuel consuming engines [34, 35]. Another strategy has been to use 

multiple rotor configurations. These multi-rotor systems are capable of decreasing the costs 

of installation and support as well as increasing the power output from a specific location, 

which can be an important matter when considering the urban environment [36-39]. While 

the total output of a multi-rotor system is greater than that of a single small wind turbine, 

the individual rotors are small-scale and, therefore, can be of interest for this study. An 

example of a multi-rotor system can be seen in Figure 2.1. 

A common accessory used with these small-scale, multi-rotor turbines, and on 

single rotors as well, are diffusers and nozzles. A diffuser increases the turbines efficiency 

by accelerating the wind at the entrance to the diffuser [37, 40-41]. The low pressure region 

downstream of the turbine diffuser generates vortices that draw more airflow into the 
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turbine, therefore, increasing the air velocity into the turbine [42]. These diffusers can 

increase the power production of a wind turbine by 2-5 times [42-43]. A wind turbine 

nozzle works by increasing the relative rotor area of a wind turbine. This relative increase 

in area can increase the power production of the turbine by up to 2 times [44]. In terms of 

noise generation, a wind turbine shroud could act as a shield from the noise generated by 

the wind turbine. For small wind turbines, there is a strong potential for using turbine 

shrouds. An example of a wind turbine diffuser can be seen in Figure 2.2.  

 A common concern for some small-scale turbines is matching the given 

manufacturer’s data with the actual performance data. Simic et al. tested numerous small 

turbines and showed that the data usually did not match [44]. Their work showed that for 

small wind turbines, the rated power is not as important as the shape of the power curve. 

The rated power for small wind turbines is set for a specific wind speed, but due to the low 

 
Figure 2.1. Vestas Multi-Rotor Turbine [38] 
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and inconsistent winds that small wind turbines experience, the power produced may not 

be as high. The power curve shape generally shows the cut-in speed and the power 

produced at the lower wind speeds up to the rated power. The Bergey XL-1, for example, 

is rated for 1 kW, but this is at a wind speed of 11 m/s (25 mph). This wind speed is an 

NREL Class 7 wind speed, which would not be the design condition for small wind turbines 

in an urban environment [45]. With these concepts in mind, cut-in speed and power curve 

shape are of utmost importance for design and testing. A factor influencing cut-in speeds 

is the weight of the rotor. Pourrajabian et al. has worked on using hollow wind turbine 

blades to make the rotor lighter and has seen a 70% decrease in starting time [46]. 

Aerodynamics 

Small wind turbines usually operate in lower wind speeds, and therefore, can 

experience lower Reynolds number flows. These low momentum flows can be an area of 

concern as experimental airfoil data used for design is not always readily available at low 

Reynolds numbers. There have been multiple studies showing the need for experimental 

airfoil data at these Reynolds numbers, compared to computationally generated data. 

Figure 2.2. Wind Turbine Diffuser [42] 
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Computational codes tend to over predict an airfoil’s performance, which can lead to 

adverse effects on a wind turbine [47-54].  Figure 2.3 shows experimental work done at 

Baylor University with the Eppler 387 airfoil and comparisons with computational codes 

[55].  

 Airfoil shape is a major factor for wind turbine performance, thus, choosing or 

designing an airfoil is important. While airfoils have been used for nearly a century in wind 

turbine design, new airfoil designs and modifications are being generated for small wind 

turbines and low Reynolds number flows [56-58]. Göçmen and Özerdem modified six 

 
Figure 2.3. Eppler 387 Coefficient of (a) Lift and (b) Drag at a Reynolds Number of 
100,000 [55] 
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airfoils commonly seen on small wind turbines and showed that certain types of airfoil 

shape modifications, such as increasing the curvature or thinning the airfoil profile, can 

increase aerodynamic performance and decrease the noise generated [59]. Modifications 

to a wind turbine rotor are possible and include, but are not limited to: slots [60], gurney 

flaps [61], and trip strips [55, 62]. Burdett showed that using trip strips and intentional 

roughness can increase the aerodynamic performance by up to 20% for Reynolds numbers 

below 200,000 [62]. Flaps and slots are common aerodynamic high lift devices and can 

enhance aerodynamic performance by increasing the curvature, or camber, of the airfoil, 

increasing the local pressure [63]. Research is being done on applying these devices to 

small wind turbines and optimizing performance in low Reynolds number flows [64-66]. 

Gupta et al. and Pechlivanoglu et al. show other rotor modifications, such as winglets, and 

ribs, and how these modifications can increase aerodynamic performance, and power 

production as well. 

Aeroacoustics 

An area of increasing concern with small wind turbines is that of noise, especially 

in an urban environment [67]. The noise from large, utility-scale wind turbines is usually 

not a concern due to their isolated location and the lower rotational speed of the wind 

turbine. These turbines rotate at speeds of 15-50 RPM while small wind turbines can 

operate at speeds up to, and beyond, 2000 RPM [68]. Tonin studied sources of mechanical 

noise in wind turbines, but these noise sources do not typically apply to small turbines [69]. 

He states that the main source of noise from wind turbines is due to air passing over the 

blades. Due to the high rotational speeds of small turbines, this noise can be a concern as 

noise level tends to increase with RPM [70]. 
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Aerodynamics and aeroacoustics are two topics that are closely related. Göçmen 

and Özerdem were able to increase aerodynamic performance and decrease noise 

generation by up to 5 dB(A) with their airfoil modifications [59]. Hays and Van Treuren 

have shown that the noise generated by airfoils is directly related to the aerodynamic 

performance of the airfoil [71 – 73]. While some studies have performed individual airfoil 

tests, others have tested full wind turbine systems for noise generation [74 – 76]. Migliore 

et al. tested multiple wind turbines for noise generation and modified the turbines with 

known quieter airfoils. These tests showed some turbines having a decreased noise 

signature of up to 5 – 8 dB(A) [9]. With aerodynamics and aeroacoustics affecting each 

other, the goal is to design a wind turbine that is aerodynamically efficient and generates 

the least amount of noise [9, 77 – 79]. 

A major source of noise that has been the topic of increased research is trailing edge 

noise. The nature of trailing edge noise will be discussed at length in Chapter 3.  Trailing 

edge serrations are a common approach to mitigating trailing edge noise [80 – 86]. 

Oerlemans et al. were able to show that trailing edge serrations were able to lower the noise 

generated by 3.2 dB(A). These tests also showed that the serrations did not have any 

Figure 2.4. Trailing Edge Serrations [84] 
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adverse effects on the aerodynamic performance, again showing the connection between 

aerodynamics and aeroacoustics. Trailing edge serrations on a wind turbine blade can be 

seen in Figure 2.4. 

Another major source of noise that can be a cause for concern is tip noise. As 

previously stated, small wind turbines rotate much faster than large scale turbines. This 

increased rotational speed generates large tip vortices, and, therefore, more noise is 

generated. Multiple tip treatments have been tested on wind turbines and small propellers, 

which follow similar aerodynamic and aeroacoustic properties as wind turbines [70, 87 – 

93]. Fleig showed that the Ogee tip design can decrease noise by 2 dB(A) on a small wind 

turbine. Wisniewski et al. showed that different oval and circle tip designs can decrease the 

noise by up to 10-12 dB(A) on small propellers. Some of these tip treatments can be seen 

in Figure 2.5 and can be used on small wind turbines.  

Figure 2.5. Different Tip Treatments [93] 
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Wind Turbines and the Urban Environment 

 It is estimated that up to 75% of generated power is consumed in urban 

environments [18]. While cities consume the most energy, most cities have Class 2 winds. 

With small wind however, this opens up an untapped resource for wind energy. Ishugah et 

al. states that urban wind energy is a resource that is too good to waste given the current 

energy challenges across the globe [94]. Several studies have examined the quality of wind 

in an urban environment and where ideal locations would be for locating a wind turbine 

[19 – 28, 95 – 96]. Mithrartne developed three rules of thumb for urban wind turbine 

location: 

1. Average wind speed not less than 5.5 m/s. 

2. The building roof where the wind turbine is to be located should be at least 50% 

higher than the surrounding objects. 

3. The turbine is to be located near the center of the roof on the most common 

wind direction for the location with the lowest position of the rotor at least 30% 

of the building height above roof level [97].  

While siting wind turbines on top of buildings is one way to incorporate wind 

energy in to an urban environment, other work has been shown to include wind turbines in 

the buildings design. These designs are able to enhance the wind speed so that the wind 

power density is increased 3-8 times [97]. The drawback of this type of urban wind turbine 

is that the rotors only operate when the wind is blowing in a predominant direction. Two 

examples of this can be seen in Figure 2.6.  

 Another concern in the urban environment is turbulence. Due to the large number 

of buildings, usually different shapes, turbulence must be considered when siting a wind 
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turbine in the urban environment. The rules of Mithrartne attempt to alleviate as much 

turbulence as possible, but this can still be an issue. Turbulence is known to effect 

aerodynamic performance, and, therefore, aeroacoustic generation. Lubitz examined a 

small wind turbine operating in a turbulent environment and showed that the turbulent 

effects depend on the wind speed. At lower wind speeds, power production was positively 

affected while at higher wind speeds, power production was negatively affected by 

turbulence [100]. This shows that turbulence in some urban environments can be beneficial 

to small wind turbines due to the lower wind speeds.  

Figure 2.6. Urban Wind Turbine Designs [98 – 99] 
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CHAPTER THREE 

Theoretical Background 

 This chapter will summarize the theoretical background concerning aerodynamics 

and wind turbine analysis. The background will consist of wind theory, airfoil 

aerodynamics and aerodynamic prediction, HAWT aerodynamic theory, blade element 

theory (BET), blade element momentum theory (BEMT), HAWT comparisons, and noise 

generation. 

Wind Theory 

 Wind is the large-scale movement of atmospheric air. The cause of this movement 

is mainly solar radiation. Due to the non-homogenous surface of the Earth, this solar 

radiation is absorbed unevenly. The non-uniform absorption of solar radiation causes 

 

Figure 3.1. Global Wind Map [12]  
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regional variations in the temperature, pressure, and density of the air. These shifts cause 

the movement of air, thus, creating wind. The secondary forces affecting wind are Coriolis 

forces, the forces caused by the rotation of the earth. These forces can be seen in Figure 

3.1 [12].  

While global winds are well defined and predictable, local wind resources are not. 

Local wind depends on the surrounding topology as well as the global wind region. While 

local wind conditions can vary, a common way of representing the local wind is using a 

wind rose for direction and a Weibull distribution for the wind magnitudes. A wind rose 

for Waco, TX, along with an example of a Weibull distribution can be seen in Figures 3.2 

and 3.3. This data was collected at the Waco Regional Airport from 1984-1992. Figure 3.2 

shows that wind in Waco comes from the south 30% of the time and is usually between 7-

Figure 3.2. Wind Rose for Waco, TX [101] 
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16 knots (3.6-8.2 m/s, 8-18.3 mph). As previously discussed, 11-16 knots is an NREL Class 

2 wind speed and is the focus of this work for wind turbine design.  

 While this data was taken at the Waco Airport, only 10.5 miles away from Baylor 

University, this is not the same wind distribution that would be seen on campus. The 

surrounding area near campus has a multitude of buildings, bridges, and trees. These 

 
Figure 3.3. Sample Weibull Distribution [102]  

 
Figure 3.4. Topological Effects [102, 103]  
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factors lead to a potentially very different wind distribution. Figure 3.4 shows how these 

different interferences can affect wind speed and air flow [102, 103].  

The surrounding topology is very important when siting a wind turbine and leads 

to a common criteria for placing a wind turbine based on the surrounding topography. 

Figure 3.5 shows a general rule of thumb that the bottom of the rotor should be three times 

the roughness height above the ground and 20 times the roughness height away from the 

obstacle [12, 103]. 

Airfoil Aerodynamic Performance 

An airfoil is a two-dimensional shape that has a streamlined design to generate 

forces relative to a fluid moving over the surface. These two main forces are designated as 

lift and drag. Lift is a force that acts normal to the fluid flow while drag acts parallel to the 

fluid flow. Furthermore, due to these forces and the fluid flowing over the airfoil surface, 

a moment is generated. There are two important parameters that define an airfoil’s shape 

Figure 3.5. Local Roughness Distribution [12] 



 
 

24 
 

and four that define the performance of the airfoil. These parameters, along with other 

nomenclature can be seen in Figure 3.6. The two parameters defining the shape are the 

camber and thickness of the airfoil. The mean camber line is the locus of points halfway 

between the top and bottom surfaces of the airfoil. The camber is then defined as the 

distance between the mean camber line and the chord line. The chord line is a straight line 

drawn between the airfoil’s leading edge to the trailing edge whose magnitude is the 

distance. The camber is also known as the curvature of the airfoil shape. The maximum 

camber is defined as the maximum distance between the chord line and the mean camber 

line defined at a location on the chord line, usually as a percentage of the chord length. The 

thickness of the airfoil is the distance between the top and bottom surfaces of the airfoil 

shape. The maximum thickness is the maximum distance between the two surfaces and is 

also defined as a percentage of the chord line.  

 The four parameters defining performance are the coefficients of lift, drag, moment, 

and the lift-to-drag ratio. The equations for these four parameters can be seen in Equations 

3.1 through 3.4. 

 𝐶𝐶𝐿𝐿,𝐷𝐷 = 𝐿𝐿,𝐷𝐷
1
2𝜌𝜌⋅𝑈𝑈

2⋅S
    (3.1) 

 
Figure 3.6. Airfoil Nomenclature [104]  
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𝐶𝐶𝑀𝑀 = 𝑀𝑀
1
2𝜌𝜌⋅𝑈𝑈⋅𝑆𝑆⋅𝑐𝑐

(3.2) 

where 𝑆𝑆 = 𝑐𝑐 ∙ 𝑏𝑏 (3.3) 

𝐿𝐿
𝐷𝐷

= 𝐶𝐶𝐿𝐿
𝐶𝐶𝐷𝐷

 (3.4) 

where L is the lift force, D is the drag force, M is the moment, ρ is the freestream fluid 

density, S is the planform area of the airfoil, c is the airfoil chord, b is the airfoil span, and 

U is the freestream velocity. These four parameters heavily depend on the angle of attack 

(AOA), α, and the Reynolds number, Re. The AOA is the angle between the chord line and 

the freestream flow. The Reynolds number is a non-dimensional ratio of the inertial forces 

of a flow to the viscous forces and is defined in Equation 3.5,  

𝑅𝑅𝑅𝑅 = 𝜌𝜌⋅𝑈𝑈⋅𝑐𝑐
𝜇𝜇

 (3.5) 

where ρ is the freestream fluid density, U is the freestream velocity, c is the airfoil chord 

length, and 𝜇𝜇 is the dynamic viscosity of air. Figure 3.7 shows airflow over an airfoil and 

the corresponding forces and moments. 

Figure 3.8 shows typical performance curves for an airfoil at a set Reynolds 

number. From this figure, it can be seen that the CL rises as the AOA increases until stall 

Figure 3.7. Forces and Moments on an Airfoil [102] 
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is reached. The CD curve shows small increases in drag as the AOA increases. Drag 

drastically increases as stall is reached. After the stall point, deep stall is where the 

performance of the airfoil severely degrades. The L/D curve has a peak, the L/DMAX, which 

is very important for HAWT design. This point is where the airfoil is producing the most 

lift for the least amount of drag. The shape of the L/D curve is also important. A sharp L/D 

peak means that the off-design angles can show strong stall effects and the airfoil’s 

performance considerably degrades. A rounded L/D peak shows that the off-design angles 

are not significantly affected by stall. A comparison of these two types of curves can be 

seen in Figure 3.9.  

Aerodynamic Prediction 

 For computational aerodynamic performance predictions, full CFD and Navier-

Stokes analyses is one method, but it can be very costly in terms of time and computing 

power. Potential flow theory and boundary layer theory provide a simpler and 

 
Figure 3.8. Typical Airfoil Performance Curves for a set Reynolds Number [105]  
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computationally cheaper way to model flow over an airfoil and predict its performance. 

Potential flow theory consists of four simple flow scenarios that can be combined, using 

superposition, to model flow over an airfoil. These four flows, uniform, source, sink and 

vortex potential, can be seen in Figure 3.10. An airfoil shape can be divided into a finite 

number of panels and, using these four flow scenarios at each node, the flow over an airfoil 

can be predicted. An airfoil section with 160 panels can be seen in Figure 3.11. While this 

theory works for inviscid flow, it is not valid for viscous flow and, therefore, it is not valid 

in the boundary layer region of the flow.  

Figure 3.9. L/D Curve Comparison 

Figure 3.10. (a) Uniform, (b) Source, (c) Sink and (d) Vortex Potential Flows [106] 
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 Boundary layer theory describes viscous flows and describes the boundary layer 

phenomenon. The boundary layer phenomena is caused by friction and occurs when a fluid 

moves relative to a solid. An example of the boundary layer can be seen in Figure 3.12. 

This figure shows that at the surface, the fluid is not moving. At the edge of the boundary 

layer the fluid is said to be inviscid, moving at the freestream velocity. Also seen in this 

figure is flow separation. This occurs when the the flow experiences an adverse pressure 

gradient which decelerates the flow until the flow near the surface separates and reverses 

direction. Separation is not desireable for airfoils and leads to stall.  

 Two types of boundary layers exist depending on the flow conditions, laminar and 

turbulent. A laminar boundary layer is usually thinner, generates less skin friction, and is 

more likely to separate from the surface, when compared to a turbulent boundary layer. 

Due to the scope of this work and the Reynolds numbers of interest, a laminar separation 

 
Figure 3.11. Airfoil Panels [55] 

 
Figure 3.12. Boundary Layer Flow [107]  
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bubble is a point of concern. A laminar separation bubble occurs when a laminar boundary 

layer separates, begins to transition to turbulence and then reattaches downstream. This 

flow phenomenon can be seen in Figure 3.13 

With potential flow theory and boundary layer theory, both flow regions around an 

airfoil can be modeled. The main code used in this work was XFOIL, a public domain code 

developed by Drela at MIT [109]. XFOIL was designed for the analysis of subsonic flow 

over isolated airfoils. The XFOIL code combines high-order panel methods, using theory 

developed by Drela and Giles [110], and predicts transition using the Orr-Sommerfeld 

equation [111]. While XFOIL is able to perform airfoil analysis in a matter of seconds, the 

limits of this program are well documented [55, 110 – 113]. Low Reynolds number flows 

are not always accurately portrayed and XFOIL can overestimate an airfoil’s performance 

at these flow conditions. This is a concern as the Reynolds numbers of interest in this work 

Figure 3.13. Laminar Separation Bubble [108] 
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are considered low, below 200,000. While this is a concern when using XFOIL for 

aerodynamic performance predictions, it is still widely used in the literature.   

 Although the XFOIL program was not explicitly used in this work, the wind turbine 

program, QBlade, was. QBlade integrates the XFOIL code, XFLR5, Blade Element 

Momentum Theory, the NREL FAST code, Euler structural analysis and Veers Sandia 

Windfield Generator to analyze and predict aerodynamic and wind turbine performance. 

Developed at TU Berlin, QBlade is an open source software and was used due to its user-

friendly interface and the ability to study multiple airfoils at one time [113].  

Horizontal Axis Wind Turbine Theory 

 This section will discuss the aerodynamics of a wind turbine, designing a wind 

turbine rotor, and the algorithms used to design a wind turbine in this study. 

Momentum Theory 

 The simplest model of airflow over a wind turbine is the one-dimensional 

momentum theory, attributed to the work of Albert Betz [12]. This theory assumes a control 

volume across the boundaries of the wind turbine and a streamtube analysis across the 

rotor. This streamtube flow over the rotor can be seen in Figure 3.14 The rotor, in this 

analysis, is an actuator disc and, therefore, there is a pressure discontinuity across the rotor. 

The other assumptions in this analysis are as follows: 

• Homogeneous, incompressible and steady flow 

• No skin friction drag 

• An infinite number of blades, i.e. a solid rotor 

• Uniform thrust over the rotor area 
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• A non-rotating wake

• Static pressures upstream and downstream of the rotor are equal to the

ambient static pressure.

With streamtube analysis, the main parameter is the axial induction factor, 𝑎𝑎. This 

parameter is the fractional decrease in wind velocity between the free stream, U∞, and the 

rotor plane, Ud, seen below in Equation 3.6. 

𝑎𝑎 =  𝑈𝑈∞−𝑈𝑈𝑑𝑑
𝑈𝑈∞

 (3.6) 

Equation 3.6 can be arranged to determine the downstream velocity, Uw. This can 

be seen in Equation 3.7. 

𝑈𝑈𝑤𝑤 =  𝑈𝑈∞ ∗ (1 − 2 ∗ 𝑎𝑎)          (3.7) 

From this equation, it can be seen that as the axial induction factor increases, the 

downstream velocity decreases, thus, increasing the power extracted from the wind. 

However, at 𝑎𝑎 = 1/2, this equation is no longer valid because the downstream velocity 

would become zero, which is impossible. 

Figure 3.14. Wind Turbine Stream Tube [114] 
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 This analysis yields two important parameters, power and coefficient of power (CP). 

The power equation and two forms of the CP equation can be seen in Equations 3.8 thru 

3.10. 

𝑃𝑃 = 1
2
∗ 𝜌𝜌 ∗ 𝐴𝐴 ∗ 𝑈𝑈3 ∗ 4 ∗ 𝑎𝑎 ∗ (1 − 𝑎𝑎)2            (3.8) 

𝐶𝐶𝑃𝑃 = 𝑃𝑃
1
2∗𝜌𝜌∗𝑈𝑈

3∗𝐴𝐴
= 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑃𝑃𝑅𝑅𝑤𝑤𝑃𝑃𝑅𝑅

𝑃𝑃𝑅𝑅𝑤𝑤𝑃𝑃𝑅𝑅 𝑖𝑖𝑖𝑖 𝑅𝑅ℎ𝑃𝑃 𝑊𝑊𝑖𝑖𝑖𝑖𝑊𝑊
           (3.9) 

𝐶𝐶𝑃𝑃 = 4 ∗ 𝑎𝑎(1 − 𝑎𝑎)2            (3.10) 

 The coefficient of power is a measure of the efficiency of the rotor and how much 

power it produces compared to the available wind power. From calculus, a maximum CP 

can be found based on the highest allowable induction factor. Taking the derivative of 

Equation 3.10, and setting the equation to zero, the maximum 𝑎𝑎 is found to be 1/3. Using 

this maximum a value in Equation 3.10, the maximum CP is found to be 0.5926, or 59.26%. 

This value, known as the Betz Limit, is the theoretical maximum efficiency for any wind 

turbine. The main concerns with this theoretical analysis are as follows: 

• There are a finite number of blades 

• There is rotation downstream of the rotor 

• There is non-zero aerodynamic drag on the rotor 

 Linear momentum theory was expanded to two dimensions by adding rotation to 

the wake of the rotor. From this analysis, a second induction factor, the tangential induction 

factor, is defined, seen in Equation 3.11, 

𝑎𝑎′ = 𝜔𝜔
2∗Ω

     (3.11) 

where 𝑎𝑎′ is the tangential induction factor, ω is the angular velocity of the wake and Ω is 

the rotational velocity of the rotor. Gipe notes that as the axial induction factor increases, 
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the overall CP of the rotor will decrease [115]. From the rotational analysis, the third 

parameter of interest is the tip speed ratio (TSR) seen in Equation 3.12, 

𝑇𝑇𝑆𝑆𝑅𝑅 = Ω∗𝑅𝑅
𝑈𝑈

 (3.12) 

where Ω is the rotational speed, R is the radius of the blade and U is the freestream velocity. 

Figure 3.15 shows the theoretical CP,MAX as a function of TSR for an ideal HAWT, 

for both 1D and 2D theories. This plot shows that as the TSR increases, so does the CP. 

However, at a TSR of approximately five, the increases in CP  are minimal. The increased 

TSR, thus, an increased rotational velocity, can cause structural issues in turbines and in 

the scope of this work, can cause increased noise generation, which is highly undesireable. 

A typical result is that a TSR of five is a common design choice and is the design point for 

the wind turbine rotors in this study. 

Figure 3.16 shows the two induction factors versus the blade radius of an ideal wind 

turbine at a TSR of 7.5. From this plot, it can be seen that the axial induction factor is 

approximately a value of 1/3, except near the hub. The angular induction factor approaches 

zero, the optimal point, except at the hub, where it increases greatly. While 1D and 2D 

Figure 3.15. Maximum CP vs. Tip Speed Ratio [102] 
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momentum theories utilize physics and mathematics to compute HAWT performance, the 

next two theories utilize aerodynamics and aerodynamic theory, along with momentum, to 

predict HAWT performance.  

Blade Element Theory 

 Blade Element Theory (BET) is a design method for wind turbine rotors. BET takes 

a wind turbine rotor and divides the blade in to a finite number of elements, N. Each 

element is then analyzed in terms of its own lift and drag coefficients, based on the 

operating AOA and Reynolds number. This theory has two main assumptions: 

• There is no aerodynamic interaction between the elements, i.e. no radial 

flow 

• The forces on each element of the blade are determined solely by the lift 

and drag characteristics of the airfoil shape used on the blades. 

 Figures 3.17 shows a blade divided up in to N elements and the aerodynamic forces 

on each element, respectively.  

 
Figure 3.16. Induction Factor vs. Non-Dimensional Blade Radius [102]  



35 

Figure 3.18 shows the different parameters for a wind turbine blade and how 

complex this design can be. These parameters are as follows: 

- U∞ is the freestream velocity

- α is the angle of attack

- β is the pitch angle (set to zero for fixed-pitch turbines)

- φ is the flow angle

- θ is the angle of twist

- Ωr is the rotation

- Urel is the relative velocity, calculated from U∞ and Ωr

- CL, CD, CM are the coefficients of Lift, Drag and Moment for the airfoil

- Cτ is the coefficient of torque generated by the blade element

- CT is the coefficient of thrust generated by the blade element

With the aerodynamic performance data of the blade element airfoil, the individual 

elements’ performance can be calculated based on the wind speed and the rotational speed 

of the rotor blades. In BET design, the only parameter that can be optimized is the angle of 

twist, θ, making this design theory relatively simple. Based on the location of the blade 

Figure 3.17. Blade Elements [102] 
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element, the design TSR, and the freestream velocity, the velocity at each element can be 

calculated. This velocity is then used to calculate the Reynolds number for that element, 

seen in Equation 3.5, so that the aerodynamic data at that Reynolds number can be utilized. 

As stated previously, aerodynamic data is heavily dependent on the Reynolds number. The 

airfoil is then set to the AOA for L/DMAX. This angle is combined with the flow angle to 

find the optimum angle of twist for the element. Equations 3.13 and 3.14 show the process 

for finding these angles.  

 𝜃𝜃 = 𝜑𝜑 − 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿/𝐷𝐷   (3.13) 

where 𝜑𝜑 = (𝑇𝑇𝑆𝑆𝑅𝑅)−1 (3.14) 

 While this design theory is simple yet effective, previous studies at Baylor 

University by Burdett and Gregg have shown that the Blade Element Momentum Theory 

is more optimal for the small scale wind turbines being tested at Baylor University [55, 

117]. 

 

 

 

 

Figure 3.18 Aerodynamic Forces on Each Blade Element [116]  
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Blade Element Momentum Theory 

Blade Element Momentum Theory (BEMT) is the combination of BET and the 

Momentum Theory and includes the wake rotation, the aerodynamic performance of each 

element, and generates a realistic model that accounts for the entire blade geometry. BEMT 

is also known as Strip Theory because instead of using elements along a single blade, it 

takes a ‘strip’ of the streamtube and analyzes the whole rotor in that strip, this analysis can 

be seen in Figure 3.19. The differences in element analysis can be seen in Figure 3.20.  

While BEMT is not a completely realistic model, there have been many studies 

validating the theory and providing corrections for the model [119 – 124]. However, the 

main source of error with the BEMT is the airfoil data used [125 –126]. With the Reynolds 

number range of interest in this study, experimental data is not fully avaliable and the 

prediction tools, such as XFOIL, over-predict the airoil’s performance.  

BEMT Rotor Design 

The full set of BEMT equations require iteration and there are a multitude of 

numerical methods that have been developed to solve these equations. Three common 

Figure 3.19. Strip Theory [118] 
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algorithms used are the two methods given by Manwell et al. and the NREL code Aerodyn, 

which is used in QBlade [102, 112]. This work will use the second method outlined by 

Manwell et al. as this has been previously used at Baylor University with a MATLAB® 

code that has been developed to generate wind turbine blades [55]. This algorithm is an 

iterative solution to find a and a’ and follows five main steps:  

1. Guess values of a and a’ 

2. The angle of the relative wind, φ is calculated from Equation 3.16 

3. From φ, the AOA can be calculated with Equation 3.17 

4. From the calculated AOA, CL and CD  data can be found from given airfoil 

data 

5. The values of a and a’ can be updated using Equations 3.18 and 3.19 

 The four equations used for this analysis are as follows: 

𝜑𝜑 = 1−𝑚𝑚
(1+𝑚𝑚′)

(𝑇𝑇𝑆𝑆𝑅𝑅𝑅𝑅)−1            (3.16) 

𝛼𝛼 = φ − θ        (3.17) 

𝑎𝑎 =  1

1+ 4∗sin2 𝜑𝜑
𝜎𝜎′∗𝐶𝐶𝐿𝐿∗𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑

                (3.18) 

𝑎𝑎′ = 1
4∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑

𝜎𝜎′∗𝐶𝐶𝐿𝐿
−1

            (3.19) 

where 𝜎𝜎′ = 𝐵𝐵∗𝑐𝑐
2∗𝜋𝜋∗𝑅𝑅

 (3.20) 

 
Figure 3.20. BET (a) and BEMT (b) [116]  
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Manwell et al. describes the term, σ’, as the local solidity, B is the number of blades, 

c is the chord of the blade at that element’s location, and r is the radius from the hub to the 

element’s location. This algorithm was repeated in MATLAB® until a relative error 

condition of 10-6 was achieved. The relative error was defined using Equation 3.21. 

𝜀𝜀𝑅𝑅𝑃𝑃𝑟𝑟 = �𝑚𝑚−𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑚𝑚

�                                (3.21)

The wind turbine blades used in this study were all designed using the same 

MATLAB® code, which can be seen in Appendix A. This code used inputs of freestream 

velocity, TSR, number of blades, atmoshpheric air conditions, hub radius, blade radius, 

and the airfoil data for five different Reynolds number conditions: 50k, 75k, 100k, 150k, 

and 200k. With this aerodynamic data, interpolation was performed to get the data needed 

at a specific Reynolds number. When this code completed the necessary iterations to meet 

the error criteria, the total CP for the rotor and eight columns of data were produced: the 

iteration step, a, a’, θ, α, Reynolds number x103, CP, and the elapsed time, in seconds, for 

each iteration. A sample output file can be seen in Figure 3.21.  

Figure 3.21. BEMT Code Output 
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 The total CP value listed at the bottom of the file is the summation of the individual 

elements’ CP. This CP value overestimates the performance of the actual turbine rotor as it 

does not account for the 3D effects of the blades and uses some computational data. As 

previously stated, the computational data over predicts the airfoil’s performance, and, 

therefore, the coefficient of power will be over predicted as well. 

HAWT Comparison 

 In this study, four different rotors are analyzed. Comparing their power production 

performance is a critical parameter in deciding which rotor is the best. The coefficient of 

power, as seen in Equation 3.9, is often used as a comparison tool. However, a potentially 

more accurate comparison tool, especially at the low wind speeds in this study, is the 

Annual Energy Production (AEP). This value is calculated using known wind data at a 

location and, for this study specifically, AEP will be used to show how these rotors would 

perform in Waco, TX. The AEP is the total power produced over a year and is defined by 

Equation 3.22, seen below. 

𝐴𝐴𝐴𝐴𝑃𝑃 =  ∫𝑃𝑃𝑊𝑊(𝑈𝑈) 𝑑𝑑𝑈𝑈     (3.22) 

where    𝑃𝑃𝑊𝑊(𝑈𝑈) = 𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝑈𝑈) ∗ Pr(𝑈𝑈)         (3.23) 

PW is the average wind turbine power, Protor (U) is the power produced by the turbine at a 

particular wind speed and Pr(U) is the probability that the wind will be operating at the 

specified wind speed, U. With the wind data collected for Waco, TX, an AEP estimate for 

the four rotors tested can be performed and compared.  
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Airfoil Noise 

As previously discussed, the turbines of interest in this study would be located in 

heavily populated urban environments. Due to the nature of these small urban wind 

turbines, noise generation is a concern and must be addressed. The types of noise that an 

airfoil produces has been well documented and there are six generally accepted categories 

of noise generation, first defined by Brooks et al. [127]. These six categories are further 

studied by Wagner et al. [128] and five of the six categories are used by the noise prediction 

program, NREL AirFoil Noise (NAFNoise) [129]. These six categories can visually be 

seen in Figure 3.22 and are described by Van Treuren [130] as:  

1. Turbulent Boundary Layer-Trailing Edge Noise: At higher Reynolds numbers

turbulent boundary layers develop over much of the airfoil and the noise occurs as

Figure 3.22. Types of Aeroacoustic Noise [127] 
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the turbulent eddies pass over the trailing edge.  This is considered broadband 

noise in the range of 750 Hz < f <2 kHz.  It is the main source of high-frequency 

noise, especially for medium and large wind turbines.   

2. Laminar Boundary Layer-Vortex Shedding Noise: At lower Reynolds numbers a 

mostly laminar boundary layer develops over the blade and instabilities create a 

feedback loop of excited pressure waves. This leads to vortex shedding and its 

associated noise near the trailing edge.  This type of airfoil noise is of interest for 

small-scale wind turbines at low Reynolds numbers.  The noise is tonal and can 

be avoided with careful airfoil selection/design.   

3. Separation-Stall Noise: This is noise due to a non-zero angle of attack of the wind 

turbine blade creating a boundary layer separation wake at the trailing edge. Very 

high angles of attack lead to large-scale separation (deep stall) at the trailing edge 

causing the airfoil to radiate low-frequency noise.  At high angles the airfoil is 

acting similar to that of a bluff body in the flow.  This also leads to broadband 

noise.   

4. Trailing Edge Bluntness Vortex Shedding Noise: This is noise generated by a small 

separated region located at the blunt trailing edges of the turbine blade. This 

source is controlled by the shape of the trailing edge of the airfoil.  This noise is 

considered tonal and can be avoided with careful design of the trailing edge. 

5. Tip Vortex Formation Noise: This noise is created due to the vortices generated by 

flow at the tips of the turbine blades.  This is considered broadband noise and is 

not fully understood.   
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6. Turbulent Inflow Noise: This is noise that is generated based on the incoming

turbulence of the free stream air contacting the airfoil’s leading edge which can

influence all other noise categories. This contributes to broadband noise in the 

lower frequencies (250 Hz < f < 1000 Hz) but it is not yet fully quantified. 

Noise Prediction 

NAFNoise is a two-dimensional aeroacoustic prediction tool developed by NREL 

for use on wind turbine airfoils. Due to the two-dimensional nature, tip vortex noise is not 

calculated. The first four sources of noise are based on the work of Brooks et al. [127]. The 

turbulent inflow noise calculations are based on the work of Amiet [131]. The airfoil shape 

and computational aerodynamic data, needed in the methods of Brooks et al., are performed 

in NAFNoise by utilizing XFOIL. A sample input file used in NAFNoise can be seen in 

Figure 3.23. NAFNoise Sample Input for Eppler 216 Airfoil 
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Figure 3.23. This file takes multiple inputs of airfoil properties, flow conditions and 

calculations settings, all based on the models of Brooks et al. and Amiet. A sample output 

file of NAFNoise can be seen in Figure 3.24. This file is broken down in to eight separate 

columns: one-third octave band frequencies, Pressure Side Turbulent Boundary Layer 

(TBL), Suction Side TBL, Separation Side TBL, Laminar, Bluntness, Inflow, and Total. 

The middle six columns are the different types of noise, discussed above. The one-third 

octave bands are specific frequencies at which the noise levels are calculated, ranging from 

10 Hz. to 20 kHz. The total sound pressure level (SPL) values are calculated based on the 

previous six columns using Equation 3.24 [132]. 

𝑆𝑆𝑃𝑃𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚𝑟𝑟 = 10 ∗ (log10 ∑ 10
𝑁𝑁𝑐𝑐𝑁𝑁𝑐𝑐𝑝𝑝𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁

10 )   (3.24) 

 

 

 
Figure 3.24. NAFNoise Sample Output 
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CHAPTER FOUR 

Airfoil Study 

2D Computational Aerodynamics Study 

Goal of this Study 

This study was conducted to analyze the aerodynamic performance of four airfoils 

used commonly for small-scale wind turbines: NREL S823, Eppler 387, the National 

Advisory Committee for Aeronautics (NACA) 4412, and NACA 0012. These four airfoil 

shapes can be seen in Figure 4.1. These airfoils will later be used in noise generation 

studies, but their aerodynamic performance and characteristics have a strong impact on the 

aeroacoustic noise that they produce.  

Results 

NREL S823. The NREL S823 was developed by NREL for use by small-scale, stall-

regulated horizontal-axis wind turbines. The L/D vs. AOA graph generated by QBlade can 

be seen in Figure 4.2 for Reynolds numbers of 75,000, 100,000 and 200,000. The values 

Figure 4.1 NREL S823 (a), Eppler 387 (b), NACA 4412 (c), NACA 0012 (d) [133] 

(a) (b) 

(c) (d) 
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of L/DMAX are of utmost importance when designing a wind turbine. At these peak angles, 

the airfoils are producing the most lift possible for the least amount of drag. This region of 

high efficiency is the design point for the wind turbine and is used for the rotor designs in 

this study. The Reynolds numbers tested were chosen due to the low momentum flow 

qualities at 75,000, the high momentum at 200,000 and then a middle value of 100,000. 

These three flow scenarios are realistic of what would be seen on a small-scale wind turbine 

blade. At a Reynolds number of 200,000, it is easily seen that the highest L/D values are 

being generated due to the higher amount of energy in the flow. The L/DMAX value of 

approximately 60 at 8 degrees AOA has a sharp peak with a relatively steep slope on both 

sides. This curve shape can lead to a loss in performance when operating off-design. A 

Reynolds number of 75,000 produces an L/DMAX of approximately 28 at 11 degrees AOA. 

Again, the sharp peak is not a desired characteristic of the airfoil. With a Reynolds number 

of 100,000, the NREL S823 shows a middle value of approximately 39 at 9.25 degrees 

 
Figure 4.2. NREL S823 L/D vs. AOA [113] 

 

 



47 

AOA. This L/DMAX curve has a much flatter peak, which is ideal for wind turbines. This 

plateaued area shows that for a small range of AOA, the lift to drag ratio will not suffer 

significant losses, compared to the losses of the other two flow scenarios.  

Eppler 387. The Eppler 387 was developed for use on large scale wind turbines. 

The thin airfoil profile is suited for higher Reynolds numbers than that of the NREL S823. 

This profile also creates very high lift coefficients for small amounts of drag due to its thin 

profile. The L/D vs. AOA graph can be seen in Figure 4.3 for Reynolds numbers of 75,000, 

100,000 and 200,000. The main points of interest, similar to the S823, are the L/DMAX 

points for each Reynolds number. The 200,000 case shows a very high L/DMAX of 

approximately 82 at 6 degrees AOA. This high L/DMAX shows how well the airfoil 

performs at a higher Reynolds number but the steep slopes surrounding this point are a 

concern. Designing at 6 degrees AOA creates a problem if the flow AOA changes from 

this value, potentially stalling the airfoil if the AOA increases. For an increase in AOA 

Figure 4.3. Eppler 387 L/D vs. AOA [113] 
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after L/DMAX, the efficiency of the airfoil drops dramatically, causing lower power 

production for the turbine. A similar concern can be seen if the blade is designed for a 

lower AOA. At a lower AOA, the blade would lose lift, therefore, power from the turbine. 

At a Reynolds number of 75,000, a similar situation can be seen with the L/DMAX point, 

approximately 50 at 8 degrees AOA. For a Reynolds number of 100,000, the top of the L/D 

curve is much flatter with slight peak of 60 at 7.5 degrees AOA. This plateaued section is 

preferred for design purposes to avoid losses of efficiency. 

NACA 4412. The NACA 4412 is considered a classical airfoil for wind turbines and 

has been thoroughly tested. Based on its favorable lift and drag characteristics, the NACA 

4412 was used on early wind turbines and is still used today. The L/D vs. AOA graph can 

be seen in Figure 4.4 for Reynolds numbers of 75,000, 100,000 and 200,000. For a 

Reynolds number of 200,000, the L/DMAX can be seen to be approximately 78 at 8 degrees 

AOA. This peak is slightly below that of the Eppler 387, but the shape of the peak is very 

 
Figure 4.4. NACA 4412 L/D vs. AOA [113] 
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different. The rounded top of this curve shows that a slight change in AOA does not affect 

L/D very much, unlike the E387. This behavior is preferred to avoid the steep performance 

change that the E387 has at this Reynolds number. A Reynolds number of 75,000 has an 

L/DMAX of approximately 43 at 9 degrees AOA. This sharp peak is not optimum. Another 

concern can be seen with the inconsistent slope of the curve, this means that the flow is not 

stable over the blade, due to the low momentum in the flow at a Reynolds number of 

75,000. This behavior shows that a Reynolds number of 75,000 is not an ideal flow scenario 

under which to operate the airfoil. At a Reynolds number of 100,000, the NACA 4412 has 

an L/DMAX of approximately 56 at 7 degrees AOA. This curve shows behavior similar to 

that of the E387 at a Reynolds number of 100,000. With these lift and drag characteristics, 

the 4412 at a Reynolds number of 100,000 and 5-9 degrees AOA is a good operating range 

for power production.  

NACA 0012. The NACA 0012 is also considered a classical airfoil and has been 

thoroughly tested as well. The symmetric aspect of this airfoil was also of particular 

interest to see how it performs at negative angles of attack, which are of interest on wind 

turbines. The L/D vs. AOA graph can be seen in Figure 4.5 for Reynolds numbers of 

75,000, 100,000 and 200,000. For a Reynolds number of 200,000, the L/DMAX is 

approximately 46 at 5 degrees AOA. This curve shows a strong drop towards 0 degrees 

AOA, but a less dramatic drop towards the stall region. With this curve shape, a design at 
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L/DMAX would be a poor design choice due to the lower power production at slightly 

decreased angles of attack. For a Reynolds number of 75,000, a very similar curve shape 

is apparent to that of the 200,000 Reynolds number case, with an L/ DMAX of 32 at 5 

degrees AOA. For a Reynolds number of 100,000, the same curve shape is shown. This 

L/ DMAX is approximately 36 at 5 degrees AOA. This relatively low L/D value shows that 

the NACA 0012 is not an outstanding choice for a wind turbine, but being symmetrical, 

the negative angles of attack can be of interest for different applications. Table 4.1 

summarizes the results of the computational study, showing L/DMAX values, the AOA for 

L/DMAX and the Reynolds numbers at which they occur. The main trend from this table is 

that as the Reynolds number increases, the L/DMAX generally increases as well. Also, 

except for the NACA 0012, as the Reynolds number increases, the AOA for the L/DMAX 

generally decreases.  

 

 
Figure 4.5. NACA 0012 L/D vs. AOA [113] 
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2D Airfoil Noise Study 

These four airfoils, commonly used for small scale wind turbines, were also 

analyzed for their noise generation characteristics: Eppler 387, NREL S823, NACA 

4412, and NACA 0012.  

Goal of this Study 

This study seeks to understand the noise characteristics of the four 2D airfoils 

operating at low Reynolds numbers for a range of AOA. The Reynolds numbers for these 

tests were chosen based on what a small wind turbine would experience across the entire 

blade length, ranging from the hub to the tip. With these tests, an optimized airfoil can be 

Table 4.1 L/DMAX Comparisons [113] 

Airfoil Reynolds Number L/DMAX AOA for L/DMAX

NREL S823 

75,000 28 11° 

100,000 39 9.25° 

200,000 60 8° 

Eppler 387 

75,000 50 8° 

100,000 60 7.5° 

200,000 82 6° 

NACA 4412 

75,000 43 9° 

100,000 56 7° 

200,000 78 8° 

NACA 0012 

75,000 32 5° 

100,000 36 5° 

200,000 46 5° 
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designed using aerodynamic performance, as well as the expected noise signature found 

from these results.  

Experimental Methods 

 All testing was conducted in the Baylor University Baylor Subsonic Wind Tunnel, 

seen in Figure 4.6. It is an Engineering Laboratory Design, Inc. (ELD) Model 406B. This 

wind tunnel is open-circuit and has a constant-pitch fan driven by a variable-speed, 40-hp 

motor which allows wind speeds in the tunnel to range from 0.1-50 m/s. The test section is 

1.22 m long (4 ft.) with a 0.61m (2 ft.) square cross section. The tunnel velocity variation 

is ±1% and the turbulence intensity is less than 0.2% at the inlet to the test section. The 

airfoil being tested was set in the wind tunnel and attached to an ELD force balance. A 

Brüel & Kjaer (B&K) G-4 2270 Handheld Frequency Analyzer was connected to a ¼” 

B&K microphone; both can be seen in Figure 4.7. The microphone was placed in the 

vertical center of the test section 2.5 chord lengths (15 inches) downstream of the airfoil’s 

trailing edge. The experimental setup for the microphone can be seen in Figure 4.8. The 

NACA 4412 and 0012 airfoil models were constructed of resin and manufactured by ELD. 

These two airfoils can be seen in Figure 4.9. The NREL S823 and Eppler 387 models were 

 
Figure 4.6. Baylor Subsonic Wind Tunnel 
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constructed out of foam and coated in an epoxy resin. These airfoils can be seen in Figure 

4.10.  

The airfoils were tested at angles of attack ranging from -10 to 25 degrees, with the 

angles of 10 to 17 degrees measured in greater detail to capture airfoil stall. The angles 

were measured with a Craftsmen 7-Inch Digital Torpedo Level. A LabVIEW Virtual 

Figure 4.8 Wind Tunnel Test Section 
 

Figure 4.7. Brüel and Kjaer 1/4" Microphone and G-4 2270 Frequency Analyzer 

Airfoil & Test 
Stand 

B&K 
Microphone 



 
 

54 
 

Instrument (VI) was constructed to operate the wind tunnel and monitor the atmospheric 

conditions. The wind tunnel was controlled by using an NI-cDAQ 9178 chassis containing 

an NI 9263 AO channel and an Omega zSeries zED-THPB-LCD was used to read the 

atmospheric conditions to the VI for Reynolds number calculations. The leading edge of 

the airfoils was set at a distance of nine inches from the entrance to the tunnel. The testing 

was done at Reynolds numbers of 50,000, 75,000, 100,000, 125,000, 150,000 and 200,000. 

These numbers were calculated using the wind speed of the tunnel, measured by a pitot-

static tube connected to a PCL-2A differential pressure transducer, the chord length of six 

inches, and fluid properties of the air.   

To begin the tests, the microphone was set at the desired location in the test section 

in a clean tunnel without airfoil models. With the microphone in place, the tunnel was run 

 
Figure 4.10 NREL S823 (left) & Eppler 387 (right) 

 

 
Figure 4.9 NACA 4412 (left) & NACA 0012 (right) 
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at speeds corresponding to the test Reynolds numbers. At each wind speed, the microphone 

collected data at one minute intervals, at a rate of 6 kHz, measuring the background noise 

of the wind tunnel, to be used later for data reduction. When these tests were complete, the 

airfoil model and force balance were then inserted into the test section. The tests began at 

-10 degrees AOA. At each Reynolds number, the microphone again collected data for one

minute. When the one minute interval was completed, the A-weighted sound pressure level 

(SPL) was recorded. After each set of Reynolds number tests, the airfoil’s AOA was 

adjusted to the next AOA of interest. The AOAs tested were -10, -5, 0, 5, 10, 11, 12, 13, 

14, 15, 17, 20 and 25 degrees. The AOAs of 10-17 were studied in one degree increments 

because these values were near the airfoil stall AOA where the separation increases greatly, 

thus, increasing the noise downstream of the airfoil. After these tests were completed with 

the first airfoil, the next airfoil was inserted to the tunnel and the process was repeated. 

With the tests completed, the background noise of the tunnel was then accounted for using 

the Equation 4.1 [134]. 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑐𝑐𝑅𝑅𝑃𝑃𝑊𝑊 = 10 ∗ log10(10
𝑁𝑁𝑐𝑐𝑁𝑁𝑐𝑐𝑝𝑝 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁

10 − 10
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵𝐵𝐵𝑝𝑝𝑐𝑐𝐵𝐵𝐵𝐵𝑑𝑑 𝑁𝑁𝑐𝑐𝑁𝑁𝑐𝑐𝑝𝑝

10 ) (4.1) 

Uncertainty Analysis 

The uncertainty calculations for these tests were performed based on the method of 

Kline and McKlintock [135]. The Reynolds number calculations were made based on the 

values of velocity, given from the PCL-2A differential pressure transducer connected to a 

pitot-static probe in the tunnel and the atmospheric properties given from the Omega 

zSeries zED-THPB-LCD. The PCL-2A differential pressure transducer has a rated 

uncertainty of ±0.0028 inches of water. The Omega atmospheric conditions monitor has a 

rated uncertainty of ±0.5°C and ±2 mbar. From the zSeries monitor and the PCL-2A, the 
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velocity calculations had an uncertainty of ±0.052 m/s, the density had an uncertainty of 

±0.00314 kg/m3 and, therefore, the Reynolds numbers had an uncertainty of ±616.24, 

which has a range of 0.6 – 2.5%. These uncertainty calculations can be seen in Appendix 

B. The B&K microphone and analyzer have a rated uncertainty of ±1.5 dB. 

Results 

NREL S823. In Figures 4.11 and 4.12, the NREL S823 Corrected Noise vs AOA 

and Corrected Noise vs Reynolds Number can be seen. The main trend from these charts 

is that as the Reynolds number increases, for a constant AOA, the SPL increases as well. 

At a constant Reynolds number and changing AOA, the SPL varies depending on the flow 

over the airfoil. Due to the large leading edge of the S823, the negative and low angles of 

attack all have a constant or decreasing SPL due to the flow reattaching to the bottom of 

the airfoil. For the 50,000 Re case, the SPL slowly increases up to its maximum with a 

relatively small stall separation increase of 2 decibels dB(A) at 10 degrees. At a Reynolds 

 

Figure 4.11. NREL S823 Corrected Noise vs. Angle of Attack 
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number of 75,000, the same trend is followed, except the separation increase is greater with 

a value of 6 dB(A).  For the next three Reynolds numbers, the onset of stall occurs around 

10 degrees, and from there, they reach full stall at approximately 13-14 degrees AOA. At 

200,000, stall is delayed until 11 degrees due to higher momentum and increases until full 

stall at 17 degrees AOA.  After this angle, the SPL follows the same trends as the lower 

Reynolds numbers. The Reynolds numbers of interest, as in the aerodynamics section, still 

remain 75,000, 100,000 and 200,000. The 75,000 Reynolds number case shows an L/DMAX

at 11 degrees, with the lower noise values generated before this angle. The higher noise 

values associated with angles past L/ DMAX show this to be a very undesirable situation. 

Designing for noise, the lower noise signatures around 0-5 degrees would yield low power 

production due to the low L/D values. For the 100,000 Reynolds number case, this shows 

the most promising results in terms of strong L/D characteristics as well as lower noise 

signatures. While the L/ DMAX at a Reynolds number of 100,000 is 39 at 9.25 degrees AOA, 

Figure 4.12. NREL S823 Corrected Noise vs. Reynolds Number 
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the surrounding angles, from 5-10 degrees, do not show much degradation of L/D. In 

regards to the noise generation, the S823 operating at a Reynolds number of 100,000 shows 

the lowest noise signatures from 5 to 11 degrees AOA. The characteristics shown at these 

operating conditions are very favorable for an urban wind turbine. For the 200,000 

Reynolds number case, a very similar situation can be seen to that of the 100,000 case. The 

L/DMAX at 8 degrees AOA correlates to a relatively low noise signature at that same angle. 

The concern with this Reynolds number is that the slope of the L/D curve off-design is 

much steeper than that of the 100,000 case. Thus, any off-design performance could be 

degraded significantly due to the lack of power production. For these operating conditions, 

the noise signature of the S823 remains relatively constant, until 11 degrees AOA when 

the stall separation noise greatly increases.  

Eppler 387. In Figures 4.13 and 4.14, the Eppler 387 Corrected Noise vs AOA and 

the Corrected Noise vs Reynolds Number can be seen. The Eppler 387 shows that as the 

Reynolds number increases in 25,000 increments, the SPL increases at a consistent 10 dB 

 
Figure 4.13 Eppler 387 Corrected Noise vs. Angle of Attack 
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interval up until 100,000 after which the increase is reduced by approximately half. This 

change is thought to be due to the higher Reynolds numbers having more energy and 

causing less separation. As the AOA changes from -10 to 5, the noise level decreases due 

to the flow having less separation as the angle approaches 5 degrees. The stall point of the 

airfoil can be seen to occur at the increase in SPL around an AOA of 10 degrees. The stall 

condition creates a large amount of separated flow, which creates a step increase in noise. 

After stall induced separation, the SPL continues to rise, but at a much lower rate compared 

to the initial increase from stall. At a Reynolds number of 200,000 the stall is delayed until 

11 degrees. This delay in stall is due to the greater amount of energy in the flow, thus, 

keeping the SPL lower until full stall at 11-12 degrees. The lowest noise values can be seen 

from 0 to 10 degrees AOA, where the flow has the least amount of separation from the 

blade. The Reynolds numbers of interest, as before, are that of 75,000, 100,000 and 

200,000. The important feature from Figure 4.13 is that the lowest noise values for these 

Reynolds numbers occur at approximately L/DMAX. These low noise signatures correlating 

Figure 4.14: Eppler 387 Corrected Noise vs. Reynolds Number 
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with the high L/D values show that a good design point for this airfoil would be near the 

L/DMAX  not only for power production purposes but for noise generation as well. For a 

Reynolds number of 200,000, there is a fine line for airfoil design, as seen before. The high 

L/DMAX of 5 degrees shows strong power production and a small noise signature, but the 

tradeoff for off-design operation could be costly. At higher angles of attack, the L/D drops 

off dramatically while the noise generation starts on an upward slope, both of which would 

be undesirable in a wind turbine design. For the 75,000 and 100,000 Reynolds number 

cases, the stall point was not properly captured with the data points that were collected, but 

based on the L/D curves, it can be inferred that a similar situation to that of the 200,000 

case would occur. With this in mind, a Reynolds number of 100,000 shows promise as a 

strong choice because of the low noise signature around 4-7 degrees AOA while staying 

relatively constant in terms of L/D.   

NACA 4412. In Figures 4.15 and 4.16, the NACA 4412 Noise vs AOA and Noise 

vs Reynolds Number graphs can be seen. The NACA 4412 continued to show similar 

 
Figure 4.15 NACA 4412 Corrected Noise vs. Angle of Attack 
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trends as the previous two airfoils; however, this airfoil exhibited some differences. For a 

Reynolds Number of 50,000, the SPL was relatively constant from -10 degrees up until 5 

degrees, only changing by 1.5 dB(A). The increase from 5 to 10 degrees is less drastic then 

the other separation increases seen at the higher Reynolds numbers. At a Reynolds number 

of 75,000, the SPL stays relatively constant, similar to a Reynolds number of 50,000, but 

the separation increase is distinctive, similar to the higher Reynolds numbers.  After the 

drop of 2 dB(A) from 5 to 10 degrees AOA, the SPL rises until the stall separation increase 

at an AOA of 13 degrees, and then continues to follow the expected trends that have been 

seen thus far. The four higher Reynolds numbers follow the expected trends that have been 

recognized in the previous tests. The only difference between these four tests is the 

separation point for the Reynolds number of 100,000, which begins stall separation at 13 

degrees while the other three do not see stall separation until 14 degrees. The aerodynamic 

characteristics of the 4412 are similar to that of the E387, which can be inferred based on 

Figure 4.16 NACA 4412 Corrected Noise vs. Reynolds Number 
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the similar thickness and camber of the airfoils. The biggest difference between the two 

airfoils is the shape of their L/D curves. For the 4412, the Reynolds numbers of 100,000 

and 200,000 both show relatively broad peaks, which is preferred to avoid off-design power 

production losses. For these two Reynolds number cases, the flat peaks ranging from 5 to 

9 degrees AOA, correlate to relatively low noise signatures, especially at a Reynolds 

number of 100,000. These flow conditions and angles of attack show great potential as 

design points for a wind turbine using NACA 4412 airfoils. For the 75,000 Re case, the 

L/DMAX occurs at 9 degrees, the same as the lowest noise point of noise generation for this 

flow condition. The main concern with this Reynolds number is the sharp peak of the L/D 

curve and the inconsistencies surrounding the maximum. This variability, along with the 

rises and dips of noise generation at a Reynolds number of 75,000, does not make the low 

value a favorable Reynolds number for wind turbine design with this airfoil.  

NACA 0012.  In Figures 4.17 and 4.18, the NACA 0012 Noise vs AOA and Noise 

vs Reynolds Number graphs can be seen, respectfully. The NACA 0012 showed similar 

 

Figure 4.17. NACA 0012 Corrected Noise vs. Angle of Attack 
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trends in that as Reynolds number and AOA increased, the SPL did as well. Since the 

NACA 0012 is a symmetric airfoil, it did show interesting characteristics at the negative 

angles and their positive counterparts. For -5 and 5 degrees AOA, the SPL values were 

very close, as expected due to the symmytry of the airfoil, although for -10 and 10 degrees 

AOA this was not the case.  Timmer studied a 2D NACA 0018 airfoil, and found that the 

symmytric profile of the airfoil does not always create symmetric performance curves at 

lower Reynolds numbers, around 150,000 and below [50]. This helps explain why the data 

is not entirely consistent for the corresponding positive and negative angles. Strong 

separation occurs on this airfoil somewhere between 5 and 10 degrees for the Reynolds 

numbers 50,000 to 125,000. For the two higher Reynolds numbers, the increased energy 

keeps the flow attatched at higher angles of attack, stalling around 10 degrees AOA. The 

aerodynamic properties and noise generation show trends that are very similar to the 

previous airfoils. For all three Reynolds number cases, the L/DMax is at 5 degrees AOA. 

Figure 4.18. NACA 0012 Corrected Noise vs. Reynolds Number 
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Figure 4.17 shows that 5 degrees AOA is the lowest point of noise generation for these 

three Reynolds numbers. This indicates that the NACA 0012 may be a good airfoil to 

reduce noise generation, but the relatively low L/D values show that the NACA 0012 is 

not a leading choice for wind turbine design.  

2D Airfoil Noise Traverse Study 

 From the four original airfoils, the NREL S823 and NACA 4412 were selected to 

perform noise traverses downstream of the airfoil. These two airfoils were chosen because 

of their different profile shapes. 

Goal of this Study 

 This study was performed to characterize the shape of the wake downstream of 

these two airfoils. With the shape and size of the noise generation wake of these two 

airfoils, inferences can be made to predict what types of airfoils will perform better in terms 

of noise generation, wake shape, and size. The NREL S823 had the largest frontal area of 

the four airfoils and the NACA 4412 had one of the slimmest frontal areas, making these 

two airfoils ideal choices for this study. 

Experimental Methods 

 These tests were performed in the Baylor University Subsonic Wind Tunnel, 

utilizing the Velmex Stepper Motor Traverse System, seen in Figure 4.19. For the NREL 

S823, the airfoil was kept at a constant angle of attack of 9.25 degrees, the AOA of L/DMAX. 

At this angle, the microphone was set at 0.5, 1, 1.25, 1.5, 1.75 and 2.5 chord lengths 

downstream of the airfoil. At each individual location, the microphone began in the vertical 

center of the tunnel and was traversed in the positive and negative y-directions. As the 
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microphone was traversed from the wake to the freestream flow, the noise level would 

remain relatively constant until it dropped, reaching that of the background noise for that 

specific wind speed measured from the previous clean tunnel tests.  At the transition point 

from the wake noise to the background noise, defined as a drop of 3 dB (A) from the wake 

noise, the vertical distance from the top of the tunnel to the microphone was measured. 

These traverses were performed for each of the previous six Reynolds number cases, from 

50,000 up to 200,000. After these tests were performed, the distance from the top of the 

tunnel to the trailing edge of the S823 at 0° AOA was measured so that a centerline height 

could be calculated and used for data analysis. For the NACA 4412, the airfoil was set in 

the tunnel at four different angles of attack: 0, 5, 10, and 15 degrees. At each AOA, a noise 

traverse, similar to that of the S823 tests, was performed at 1 and 2 chord lengths 

downstream of the airfoil.  

Figure. 4.19 Velmex Stepper Motor Traverse System 
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Uncertainty Analysis 

 For these tests, as well as the previous tests, uncertainty calculations were 

performed using the method of Kline and McKlintock [135]. This test used the same 

equipment as the previous tests, therefore an uncertainty of ±0.052 m/s for velocity, 

±0.00314 kg/m3 for density, and an uncertainty of ±616.24 Reynolds number. These 

uncertainty calculations can also be seen in Appendix B. The B&K microphone and 

analyzer again have a rated uncertainty of ±1.5 dB. 

Results 

NREL S823. The results of this test can be seen in Figure 4.20. With these results, 

the main element that can be seen is the separation from the lower Reynolds number flows 

and the lack of separation at the higher Reynolds numbers. However, these results are only 

evident on the suction (upper) surface of the airfoils. The larger wake at the lower Reynolds 

numbers occurs due to the low momentum in the flow, allowing the flow to experience a 

 
Figure 4.20. NREL S823 Wake Shape at L/DMAX 
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large separation region downstream of the airfoil. For the higher Reynolds number cases, 

the increased momentum allows the flow to stay attached much longer, therefore, 

decreasing the size of the wake. On the pressure (lower) side, all six flow conditions are 

relatively similar in wake shape. This is because of the constant AOA throughout the test. 

As the flow hits the airfoil, the flow will follow the contour of the airfoil shape and will 

continue in the same direction off of the trailing edge of the airfoil. A small difference can 

be seen with the 50,000 and 75,000 cases, which occurs due to the lack of flow attachment, 

similar to the suction surface.  

NACA 4412. The results from these tests can be seen in Figures 4.21 and 4.22. For 

the 50,000 Reynolds number case, the flow is completely separated at 10 and 15 degrees 

AOA. Again, the low momentum of the flow, and the increased AOA leads to a large 

separation wake downstream of the airfoil. At 0 and 5 degrees AOA, the separation is much 

smaller, but compared to the 100,000 Reynolds number case, there is still a large amount 

of separation. The 100,000 Reynolds number case shows that only the 15 degree AOA is 

fully separated, this due to a separation-stall condition. The other three angles show much 

stronger attachment compared to the 50,000 case.  

Figure 4.21. NACA 4412 Wake Shape at Re= 50,000
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Wake Comparison 

 These tests showed that the Reynolds number and angle of attack have a strong 

impact on the noise wake downstream of the airfoil, however, it can also be inferred that 

the airfoil shape has an impact on the wake shape as well. Figures 4.23 shows the NACA 

4412 data and the NREL S823 data, both at a Reynolds number of 100,000. From this plot, 

it can be seen that the S823 has the largest wake shape, even though it is operating at its 

optimum angle, at L/DMAX. The NACA 4412 at 10 degrees AOA is beyond its L/DMAX 

 
Figure 4.22. NACA 4412 Wake Shape at Re= 100,000  

 

 
Figure 4.23. NACA 4412 and NREL S823 Wake Shape at Re= 100,000  
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angle of 7 degrees, from Table 4.1. With this comparison, it shows that the NREL S823’s 

increased profile size generates a larger noise wake downstream of the airfoil and therefore 

does not make it an ideal candidate for a low-noise small wind turbine.  

Computational Noise Study 

Goal of this Study 

This study was conducted using the NREL AirFoil Noise program and was used to 

compare the NAFNoise results to the empirical data collected in the previous study.  

Results 

For this NAFNoise test, the input file can be seen in Figure 4.24 and the output file 

can be seen in Figure 4.25. These figures show the 200,000 Reynolds number case for the 

NREL S823 at an AOA of 15 degrees. From Equation 3.24 and the total A-Weighted 

Figure 4.24. NAFNoise Input File for NREL S823 
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values, a total SPL can be found for this condition. With this case, the S823 operating at 

an AOA of 15 degrees and a Reynolds number of 200,000, the final A-Weighted SPL is 

calculated to be 57.65 dB(A). The measured value of SPL at this condition was 101.7 

dB(A), showing a difference of approximately 44 dB(A). While this difference is very 

large, looking at an additional case shows that the results can be understood and useful for 

future studies. For the S823 at 15 degrees AOA and a Reynolds number of 100,000, the 

NAFNoise generated an SPL of 43.3 dB(A) and the experimental value was 87.1 dB(A). 

These two values show a difference of approximately 44 dB(A), the same as before. 

Another point of comparison is that the difference between each set of data, experimental 

and computational, is consistently 14.5 dB(A). With these results, it shows that NAFNoise 

 

 
Figure 4.25. NAFNoise Output File for NREL S823 



71 

may not be quantitatively accurate, but the qualitative trends can prove useful when 

comparing accurate airfoil designs.  

The same results can be seen in the plots of the one-third octave bands. Again, the 

magnitudes between the two measurements techniques do not match but the trends between 

the two are very comparable. This plot can be seen in Figure 4.26. With this data, it shows 

that NAFNoise can confidently be used to predict the noise generation trends of an airfoil 

and to compare the noise generation of multiple airfoils also calculated with NAFNoise.  

Figure 4.26. NAFNoise and Experimental Comparison for the NREL S823 at 15° 
AOA and Re= 200,000 
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CHAPTER FIVE 

Wind Turbine Study 

Wind Turbine Test Stand 

Hardware 

 The wind turbine test stand was designed for the Baylor University subsonic wind 

tunnel. This test stand was mounted on a wind tunnel floor measuring 24” wide, 48” long, 

and 1” thick. The support post of the stand is located 20 inches downstream of the tunnel 

entrance and 12 inches away from each side wall. The full stand can be seen in Figure 5.1. 

This stand consisted of two transducers and an optical tachometer. The thrust of the turbine 

was measured by an Interface LSP-1 thrust transducer. While, the thrust generated by a 

wind turbine can be related to variables, such as the axial induction factor [102], it is not 

 
Figure 5.1 Wind Turbine Test Stand 
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used in this analysis. These values can be used for future wind turbine studies. The torque 

of the rotor was measured by an Interface MRTP-0.2 Nm torque transducer. The RPM of 

the turbine was measured by an Omega HHT20 optical tachometer. Figure 5.2 shows these 

measurement devices in detail. All noise measurements were performed with the same 

Brüel & Kjaer microphone system as the previous tests. The generator for the wind turbine 

test stand was an RE-40 Maxon motor model 148877, seen in Figure 5.3. The motor 

specifications are listed in Table 5.1. This motor was chosen based on the previous wind 

turbine studies done at Baylor University. The resistance load for the wind turbine was 

provided by a Clarostat Power Resistor Decade box. A Newport TrueRMS Multi-Meter 

was connected to the decade box to monitor the power output and current running through 

the motor during testing. 

Figure 5.2. Load Cell (a), Torque Cell (b) and Optical Tachometer (c) 

c 

b 

a 

Figure 5.3. RE-40 Maxon Motor 
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 The two transducers, the tachometer, and the microphone were connected to an NI 

compact DAQ system using an NI 9205 AI DAQ Card. This system was then connected to 

a computer and read using an NI LABVIEW Virtual Instrument (VI). The front panel for 

this VI can be seen in Figure 5.4 and the block diagram can be seen in Appendix C. The 

atmospheric conditions in the lab were collected by an Omega zSeries zED-THPB-LCD 

monitor. Freestream velocity measurements were taken with a pitot-static probe and read 

with an Omega PCL-2A differential pressure transducer. These two values were also 

automatically read into the VI. The resistance values, along with the voltmeter values were 

manually inputted in to the VI. The hardware setup can be seen in Figure 5.5.  

Hardware Calibration 

 The two transducers, the tachometer, and the microphone system needed calibration 

before testing began. Calibration for the two transducers required voltage measurements 

while known loads were applied. The torque calibration required the generator and housing 

to be removed and a custom calibration arm to be attached, seen in Figure 5.6. A range of 

masses were hung on the calibration arm and the corresponding voltages recorded. The 

same procedure was used for the load cell, except the motor housing and turbine rotor were  

Table 5.1: RE-40 Motor Data 

Specification Value 
Model Number 148877 

Type Brushed, Graphite 
Diameter 40 mm 

Assigned Power Rating 150 W 
Maximum Permissible Speed 8200 RPM 

Maximum Continuous Current 3.33 Amps 
Maximum Continuous Torque 201 mNm 

Max Efficiency 92% 
Torque Constant 60.3 mNm/A 
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Figure 5.4. LabVIEW VI Front Panel 

Figure 5.5. Hardware Setup 

Multi-Meter 

Decade 
Box 

Tachometer 

Power 
Supplies 

NI DAQ Unit 
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now attached. This calibration set up can also be seen in Figure 5.6.  The calibration for 

the tachometer involves running the wind turbine at various wind speeds and “freezing” 

the rotor with an ESL-20 Digital Stroboscope, seen in Figure 5.7. All three calibration 

procedures utilize the same calibration VI, which can be seen in Figure 5.8 with the block 

diagram in Appendix D. A typical calibration curve from this VI can be seen in Figure 5.9.  

 The B&K microphone system uses a Type 4231 Brüel & Kjaer Sound Calibrator 

and the calibration program on the 2270 Frequency Analyzer. This calibrator emits a 

constant sound of 94 dB(A). The microphone and calibrator can be seen in Figure 5.10. 

 
Figure 5.6. Torque (left) and Thrust (right) Calibration 

 

Figure 5.7. Digital Stroboscope 
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Secondary Stand 

After completing some tests with this test stand setup, new blade designs and faster 

wind speeds caused excessive vibration in the stand. With these vibrations, the transducer 

readings were not accurate and the possibility of failure was a possibility. With this in 

Figure 5.8. Calibration LabVIEW VI Front Panel 

Figure 5.9. Typical Calibration Curve 
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mind, the test stand needed to be modified. From the previous wind turbine studies at 

Baylor University, a fully rigid test stand was used [55, 117]. This test stand included a 

motor mount and a HOTO ET-1 External Trigger Kit for RPM measurements, and can be 

seen in Figure 5.11.  The sturdy structure of this stand made it an ideal option for testing 

the new wind turbine rotors at higher wind speeds. This stand was modified to use the 

Omega HHT20 optical tachometer and to use the new collet mount, compared to the 

threaded coupler, as seen in Figure 5.11. The modification of the old test stand can be seen 

in Figure 5.12. With this test stand, all of the wind turbine studies could be completed.  

 
Figure 5.10. B&K Microphone and Calibrator 

 
Figure 5.11. Secondary Wind Turbine Test Stand 
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Testing Procedure 

Maximum Power Point. This test was utilized to find the stall point and maximum 

operating load for each wind turbine rotor at the wind speeds tested. For each rotor, the 

wind speeds tested were 2.24, 3.35, 4.47, 5.59, and 6.71 m/s (5, 7.5, 10, 12.5, and 15 mph). 

At each wind speed, the power resistor would begin at 99Ω. The resistance was then 

incrementally decreased until the stall point was reached. From these tests, the maximum 

power point (MPP) was found and at this operating condition the noise traverse was 

performed. For each data point collected, there were three distinct ways of measuring 

power to determine the MPP. The first method used the torque transducer. With the torque 

of the wind turbine, the power can be calculated using Equation 5.1, 

𝑃𝑃 = 𝜏𝜏 ∗ 𝜔𝜔                                                 (5.1) 

where τ is the calculated torque and ω is the rotational velocity. The second method was to 

use the torque constant of the RE-40 motor. The torque constant, given in Table 5.1, was 

used in conjunction with the measured current, I, and the measured RPM, ω. Equation 5.2 

shows the calculation of power with these three variables. 

Figure 5.12. Modified Wind Turbine Test Stand 
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𝑃𝑃 = 𝑇𝑇𝑁𝑁𝑇𝑇𝑇𝑇𝐶𝐶𝑁𝑁𝑇𝑇𝑁𝑁𝑇𝑇 ∗ 𝜔𝜔 ∗ 𝐼𝐼                                              (5.2) 

 The last method of calculating power was using the measured voltage, V, and the 

set resistance, Res. Using a variation of Ohm’s Law, seen in Equation 5.3, the power of the 

turbine can be calculated. 

𝑃𝑃 = 𝑉𝑉2

𝑅𝑅𝑃𝑃𝑅𝑅
                                                  (5.3) 

  With the power calculated from each method, the coefficient of power, CP can be 

found and this is the value that will be compared between wind turbine rotors. The equation 

for CP can be seen in Equation 5.4. 

𝐶𝐶𝑃𝑃 = 𝑃𝑃
1
2∗𝜌𝜌∗𝑣𝑣

3∗𝐴𝐴
                                           (5.4) 

 The power, P, coming from the previous three calculations, the density of air, ρ, 

measured from the zSeries monitor, the freestream velocity, v, from the pitot-static probe, 

and the area, A, of the wind turbine rotor.  

Noise Traverse. With the maximum power point defined for each wind turbine 

rotor, at each wind speed, three noise traverses were then performed.  Due to the 

background noise of the tunnel, and the correction equation defined in Equation 4.1, noise 

testing at 2.24 and 3.35 m/s (5 and 7.5 mph) was not possible because the values measured 

were too close to the background tunnel noise. For each wind speed, the B&K microphone 

was set at three locations downstream of the rotor: 16%, 50%, and 75% of the diameter. 

16% was chosen because this is also two chord lengths, 80 mm, away from the plane of 

rotation. These three locations were chosen to measure a near field point, 16%, and two far 

field locations to predict the decay of noise downstream of the rotor. 
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At each horizontal location downstream, a vertical traverse was performed, starting 

from 25 mm (1 in.) above the tips of the blades to 25 mm (1 in.) below the tips. The 

microphone was moved in incremental steps of 12.5 mm (0.5 in.), generating 44 

measurements. Due to the test stand and the motor mount, the near field test was only able 

to step down to the top of the motor mount, generating 20 measurements. Therefore, for 

each wind speed, there are a total of 108 measurements, and 324 measurements for each 

wind turbine rotor. After preliminary testing, it was found that at 4.47 m/s (10 mph), the 

decay of the wind turbine noise downstream of the rotor was too great and the background 

nosie became dominant. Therefore, at this wind speed, only near field measurements were 

taken.  

Wind Turbine Testing 

NREL S823 

Airfoil Properties. The NREL S823 is an NREL developed airfoil designed for 

small wind turbines operating at low Reynolds numbers. The S823 has a maximum 

thickness of 21.2%, located at 24.3% of the chord. The maximum camber is 2.4% located 

Figure 5.13. NREL S823 Coefficient of Lift and Drag Data (Re= 150,000) [109] 
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at 70.5% chord. The airfoil cross section can be seen in Figure 4.1. This airfoil was used 

for the baseline rotor. Previous studies by Burdett and Gregg [55, 117] used this airfoil for 

all of their wind turbine rotor designs. The aerodynamic properties of the S823 can be seen 

in Figures 5.13 and 5.14. From Figure 5.13, it can be seen that the CL for this airfoil is not 

particularly high, but the plateaued curve does suggest that the off-design performance of 

this rotor does not experience significant performance degradation. However, as seen in 

Figure 5.14, this is not the case. The increased CD leads to a relatively peaked L/D curve, 

which is not preferable for wind turbine design, especially when considering noise 

generation as well as power production.  

NREL S823 Blade Design. The S823 rotor was designed with the BEMT 

MATLAB® code, as previously discussed. From the computational aerodynamic data, the 

BEMT code generated a blade design with 20 sections, a diameter of 0.5 m, a chord length 

of 40 mm and a TSR of 5 for a wind speed of 4.47 m/s (10 mph). With this diameter, a 

blockage ratio of 52.8% is generated. While this is a very high blockage ratio, Burdett has 

validadted wind turbines of this size [55]. This blade can be seen in Figure 5.15. The twist 

 
Figure 5.14 NREL S823 Lift to Drag Ratio (Re= 150,000) [109] 
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angles given from the BEMT code are then used in modeling the wind turbine blade in 

SolidWorks. A dovetail attachment is used at the hub so that all of the wind turbine blades 

can be switched easily. This dovetail can be seen in Figure 5.16. An Objet-30 3D printer 

was utilized to print the wind turbine blades. Due to the printer tolerances of 0.1 mm, a 

small fillet was placed on the trailing edge of the wind turbine blade. For structural support, 

a fillet was also placed at the mesh point between the wind turbine blade and the dovetailed 

hub.  

NREL S823 Wind Turbine Rotor 

Maximum Power Tests. The first set of tests performed with these blades was the 

MPP tests. Each of the 5 wind speeds were tested using the method previously discussed. 

Figure 5.15. NREL S823 Wind Turbine Blade 

Figure 5.16. Dovetailed Hub Attachments 
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The CP versus Resistance for a wind speed of 6.71 m/s (15 mph) is shown in Figure 5.17. 

This shows a maximum CP value of 0.26, when using the torque constant data. The 

remaining plots from these tests can be seen in Appendix E. Each of the three measurement 

methods showed consistent results but varying magnitudes. The torque transducer is 

consistently the highest because this measurement accounts for the mechanical and 

aerodynamic efficiency of the rotor while ignoring the motor efficiency and electrical 

losses. The torque constant data uses the manufacturer’s data and the current provided by 

the multi-meter, usually resulting in a similar value. The voltmeter CP is consistently about 

20% lower as this reflects all electrical and system losses. Due to vibrations in the tunnel, 

as previously discussed, the modified test stand was used for the remainder of the results 

presented. While the modified test stand was not capable of utilizing the torque meter, the 

 
Figure 5.17. S823 Coefficient of Power vs. Resistance at 6.71 m/s (15 mph) 
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preliminary tests with the S823 rotor validated the torque constant measurements and their 

repeatability with the torque meter measurements. 

Noise Traverse. Figure 5.18 shows the vertical location versus the sound pressure 

level at 6.71 m/s (15 mph) for the three locations downstream. The first observation from 

this plot is that the tips generate the most noise. The increased rotational speed and tip 

vortices generated SPL values of 93.7 dB(A) (16%), 90.7 dB(A) (50%), and 88.8 dB(A) 

(75%) at each location downstream. As the microphone was traversed towards the hub, the 

SPL slowly decreased due to the lower Reynolds numbers and the lower rotational 

velocities associated with the inner span. Near the hub however, the SPL began to increase. 

Due to the vortices formed by the motor housing, the transducers, and the wires around the 

hub, the noise levels increased in the hub region by up to 8-9 dB(A). From the hub towards 

the bottom of the rotor, the noise levels generally increased, as expected but the magnitudes 

Figure 5.18. Vertical Location vs SPL at 6.71 m/s (15 mph) 

Background Noise 

Turbine Diameter 
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were 4-9 dB(A) higher than above the hub. This increase in SPL is the result of the support 

post and the rotor wake interaction. The vertical, dashed, line represents the background 

noise in the wind tunnel at this velocity. The data points that intersect this line are very 

close to the background noise level and, therefore, are indistinguishable from the 

background noise of the tunnel. This is due to the free stream flow dampening the rotor 

vortices as the flow travels downstream. The measured noise values must be at least 3 

dB(A) higher than the background noise to be considered distinguishable. The horizontal, 

dotted, lines represent the diameter of the turbine.  

Improving the S823 Rotor 

Choosing a New Airfoil 

With the preliminary studies of the S823 rotor, along with the information of airfoil 

noise from Chapter 4, it was determined that a more appropriate airfoil could be chosen for 

the small wind turbine tests. From the airfoil noise studies, it was determined that the main 

criteria for an efficient and quiet airfoil are as follows: 

1. Thin Profile 

2. Increased camber 

3.  High L/DMAX 

4. Plateaued Peak of the L/D curve 

UIUC Database of Airfoils. A search was done in the University of Illinois Urbana 

Champaign (UIUC) database for airfoils that met these criteria [136]. This search consisted 

of finding airfoils designed for wind turbines, low Reynolds numbers, or high lift. Through 



87 

this search, 15 airfoils were selected to be tested in QBlade. These airfoils, along with a 

picture of their cross section, can be seen in Appendix F.  

NREL S-Families of Airfoils. While the UIUC has an extensive list of airfoils, 

another database of wind turbine airfoils is presented by NREL. The NREL S-Families of 

airfoils are designed for small wind turbines and low Reynolds number flows. From these 

34 airfoils, only four were chosen to be tested in QBlade. These airfoil cross sections can 

be seen in Appendix G. From these four airfoils, after testing their aerodynamic 

characteristics, none of them were chosen for additional testing. The L/D curves were not 

optimal in shape and the L/DMAX values were too low for improved power production. 

Computational Testing. QBlade was used to determine the aerodynamic 

characteristics of the rotor and blades. With this information, the L/DMAX values could be 

compared, along with the shape of the L/D curve. From this analysis, seven airfoils 

remained, which can be seen in Table 5.2. The L/D curves for these seven airfoils at a 

Reynolds number of 150,000 can be seen in Figure 5.19. This plot shows that the airfoil 

with the highest L/DMAX is the Eppler 216, with a value of 85.3. This curve shows a rounded 

L/D peak, which is desired. With these two characteristics, the Eppler 216 was chosen as 

the best airfoil for a small wind turbine design. Due to the thin profile and the possibility 

of flexing for the Eppler 216, a second, thicker, cambered airfoil was desired for testing. 

The second airfoil chosen was the SD 7062. This airfoil has a relatively high L/DMAX of 

59.7 and has a very wide peak. Along with those two favorable characteristics, the 

thickness of the SD 7062 is 14%, compared to the 10% of the Eppler 216. While a thin 

profile is preferred for a small noise signature, structural strength is a concern due to the 

high rotational speeds of small wind turbines. The thin profile of the Eppler 216 may be 
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susceptible to warping and failure due to its thin profile. The increased thickness of the SD 

7062 makes this rotor less susceptible to these issues.  

Table 5.2. Final Seven Airfoils [136] 

Selig 
4022 

Selig 
4062 

SD 
7062 

Eppler 
195 

Eppler
216 
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Theoretical Comparisons to the NREL S823. With the Eppler 216 and SD 7062 

airfoils chosen, the next step was to test these two airfoils against the S823 for power 

production as well as for noise generation. The L/D curve comparing these three airfoils 

can be seen in Figure 5.20. It is evident from this plot that the two new airfoils should 

produce more power than the S823 rotor. While the SD 7062’s L/DMAX is close to that of 

the S823, the rounded peak should prove to be better for off-design performance. Also, the 

increased camber and slimmer profile should decrease the noise generated by the SD 7062 

rotor.  

The next computational test was to analyze these three airfoils in NAFNoise. Each 

airfoil was tested at their AOA for L/DMAX and a Reynolds number of 150,000. As 

discussed previously, the magnitudes generated by NAFNoise are not always accurate but 

the trends from these tests are applicable.  Figure 5.21 shows the one-third octave band 

Table 5.2 (continued) 

Eppler- 
387 

Selig- 
1223 
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SPLs for the three airfoils. From these values, an A-weighted SPL can be calculated using 

Equation 4.2.  

 The loudest airfoil was the S823, with an SPL of 79.17 dB(A). The quietest airfoil 

was the Eppler 216, with an SPL of 74.66 dB(A). The SD 7062 was the middle value, with 

an SPL of 76.91 dB(A). This results again confirm the results of the 2D airfoil study. The 

airfoil with the highest L/D, high camber and the thinnest profile, the Eppler 216, generated 

the least noise. The airfoil with the lowest L/D, low camber and the thickest profile, the 

S823, generated the most noise.  

 

 

 

 

Figure 5.19 L/D Curves for 7 Final Airfoils at Re= 150,000 [109] 
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Figure 5.20 L/D Curves for the Eppler 216, SD 7062, and S823 at Re= 100,000 [109] 

Figure 5.21 NAFNoise Comparison of the S823, Eppler 216 and the SD 7062 [129] 
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Eppler 216 

Airfoil Properties 

 The Eppler 216 is a low Reynolds number, high lift airfoil. This airfoil has a 

maximum thickness of 10.4%, located at 26.2% chord. The maximum camber is 4.7% at 

59% chord. The airfoil cross section can be seen in Figure 5.22. This airfoil was initially 

chosen based on its thin profile and the relatively high percentage of camber. With the 

airfoil profile data points, individual data could be generated in QBlade. The aerodynamic 

properties of this airfoil can be seen in Figures 5.23 and 5.24. From this data, it is very 

clear that the L/DMAX for this airfoil, at a Reynolds number of 150,000, is relatively high. 

Another favorable characteristic is the rounded L/D curve. This large L/DMAX comes from 

 

Figure 5.22. Eppler 216 Airfoil [136] 

 
Figure 5.23. Eppler 216 Coefficient of Lift and Drag Data (Re= 150,000) [109] 

 



93 

the high CL values and the low CD values. The plateaued peak of the CL curve is also a 

favorable characteristic, as this implies that the CL does not drastically decrease near the 

stall AOA.  

Eppler 216 Blade Design 

The Eppler 216 rotor was designed using the same BEMT MATLAB® code as 

previously discussed. From the computational aerodynamic data, the BEMT code 

generated a blade design with 20 sections, a chord length of 40 mm, a TSR of five, and a 

design wind speed of 4.47 m/s (10 mph). This blade can be seen in Figure 5.25. This blade 

Figure 5.24 Eppler 216 Lift to Drag Ratio (Re= 150,000) [109] 

Figure 5.25. Eppler 216 Wind Turbine Blade 
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was modeled in SolidWorks, used a dovetailed hub and was printed using an Objet-30 3D 

printer. The same fillets were used on the trailing edge and the mesh point of the blade with 

the hub, same as the S823 blade.  

Eppler 216 Wind Turbine Rotor 

Maximum Power Point Tests. Again, the first tests to be performed were to find the 

MPP for each of the five wind speeds. The CP versus Resistance for a wind speed of 6.71 

m/s (15 mph) is shown in Figure 5.26. This shows a maximum CP value of 0.272. When 

compared to the CP of the S823 rotor at this wind speed, 0.257, the Eppler 216 rotor shows 

an increase of 5.6%. Again, the torque constant and the voltmeter showed varying 

magnitudes in terms of total CP. The remaining plots from these tests can be seen in 

Appendix H. Table 5.3 shows the CP values for each of the tested wind speeds and the 

percent change from the baseline of the S823 rotor.  

 

 

 

  

Table 5.3. Eppler 216 Maximum Power Point Test Results 

Wind Speed Eppler 216 CP S823 CP % Increase from S823 
2.24 m/s 0.182 0.067 62% 
3.35 m/s 0.166 0.074 55% 
4.47 m/s 0.195 0.099 49% 
5.59 m/s 0.266 0.241 9.4% 
6.71 m/s 0.272 0.257 5.6% 
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Figure 5.27. Eppler 216 Vertical Location vs SPL at 6.71 m/s (15 mph) 

Turbine Diameter 

Background Noise 

Figure 5.26. Eppler 216 Coefficient of Power vs. Resistance at 6.71 m/s (15 mph) 
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Noise Traverse. Figure 5.27 shows the vertical location versus the sound pressure 

level at 6.71 m/s (15 mph). The same trends can be seen in this plot as the S823 noise plots. 

The tips generate the most noise and the hub interactions increase the SPL as does the 

support post.  

Comparison to the S823 Rotor. Figures 5.28 and 5.29 show the noise comparison 

with the Eppler 216 and the S823 rotor. These two plots show the two of  the three locations 

downstream, at a wind speed of 6. 71 m/s (15 mph). The 75% diameter plot shows similar 

trends to that of the 50% diameter.  

  From these two plots it is very clear to see that the Eppler 216 rotor is much quieter 

in terms of near field measurements. These measurements show a decrease in noise by up 

to 9.5 dB(A). These results prove that an airfoil chosen to optimize power production and 

noise generation can be done, and can make a significant impact on both parameters. The 

 
Figure 5.28. Eppler 216 and S823 Comparison – 16% Diameter Downstream and 6.71 
m/s 

Turbine Diameter 

Background Noise 
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measurements farther downstream of the rotor show that the background noise and the free 

stream flow masks the differences in noise.   

Figure 5.29 Eppler 216 and S823 Comparison – 50% Diameter Downstream and 6.71 
m/s 

Figure 5.30. Coefficient of Power vs. Tip Speed Ratio at 6.71 m/s (15 mph) 

Background Noise 

Turbine Diameter 
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 Figure 5.30 shows the comparison of CP values for the S823 and Eppler 216 rotor 

at 6.71 m/s (15 mph). As shown in Table 5.3, the differences in CP values at the higher 

wind speeds diminish, but they are still noticeable. This difference can clearly be seen in 

Figure 5.30. This plot also shows how the rounded L/D curve affects off-design 

performance. The S823 has a sharp L/D peak, therefore, the off-design performance shows 

strong degradation. The Eppler 216, however, shows that as the CP values reach a 

maximum, the curve does not show the same performance degradation as the S823 rotor.  

SD 7062 

Airfoil Properties 

 The SD 7062 is a low Reynolds number airfoil designed by Selig and Donovan 

[136]. This airfoil has a maximum thickness of 14% located at 25.5% chord. The maximum 

camber is 3.5% at 38.8% chord. The airfoil cross section can be seen in Figure 5.31. This 

airfoil was chosen as an intermediary airfoil between the Eppler 216 and the S823. The 

thickness and camber values are between the two airfoils, therefore the results are expected 

to be between the two. With the airfoil cross-section, data for this airfoil could be generated 

in QBlade. The aerodynamic properties of this airfoil can be seen in Figures 5.32 and 5.33. 

This data shows that the CL of this airfoil is comparable to that of the Eppler 216. However, 

 
Figure 5.31. SD 7062 Airfoil [136] 
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the CD values are slightly higher than the Eppler 216, therefore decreasing the L/DMAX. A 

very important characteristic of this data is the shape of the L/D curve. The rounded peak 

shows that at off-design operating points, the wind turbine will not experience a strong 

decrease in performance.  

SD 7062 Blade Design 

The SD 7062 rotor was designed using the same BEMT MATLAB® code as 

previously discussed. From the computational aerodynamic data, the BEMT code 

Figure 5.32. SD 7062 Coefficient of Lift and Drag Data (Re= 150,000) [109] 

Figure 5.33. SD 7062 Lift to Drag Ratio (Re= 150,000) [109] 
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generated a blade design with 20 sections, a chord length of 40 mm, a TSR of five, and a 

wind speed of 4.47 m/s (10 mph). One of the rotor blades can be seen in Figure 5.34. This 

blade was modeled in SolidWorks, used a dovetailed hub and was printed using an Objet-

30 3D printer. The same fillets were used on the trailing edge and the mesh point of the 

blade with the hub, same as the S823 blade.  

SD 7062 Wind Turbine Rotor 

Maximum Power Point Tests. The first tests performed were to find the MPP. This 

test was done for each of the five wind speeds. The CP versus Resistance for a wind speed 

of 6.71 m/s (15 mph) is shown in Figure 5.35. This shows a maximum CP value of 0.215. 

When compared to the maximum CP of the S823 rotor at this wind speed, this blade shows 

a decrease of 12 %. The remaining plots from these tests can be seen in Appendix I. Table 

5.4 shows the CP values for each of the tested wind speeds and the percent change from the 

baseline of the S823 rotor and the newly designed Eppler 216 rotor. The SD 7062 rotor 

shows an increase of CP at the lower wind speeds compared to the S823, but a decrease at 

the higher wind speeds. Except for 3.35 m/s (7.5 mph), the Eppler 216 consistently 

outperforms the SD 7062 rotor. At the two higher wind speeds, the performance of the SD 

7062 rotor is lower than that of the S823 rotor, indicated by a negative percent change. The 

 
Figure 5.34. SD 7062 Wind Turbine Blade 
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lowest wind speed of 2.24 m/s (5 mph) is excluded because this wind speed is below the 

cut-in speed of the SD 7062 rotor. These tests also utlized the rigid test stand and, therefore, 

only has torque constant and voltmeter data.  

Noise Traverse. Figure 5.36 shows the vertical location versus the sound pressure 

level at 6.71 m/s (15 mph). The same trends can be seen in this plot as the S823 noise plots. 

The tips generate the most noise and the hub interactions increase the SPL as does the 

support post.  

Table 5.4. SD 7062 Maximum Power Point Test Results 

Wind Speed SD 7062 CP % Change from S823 % Change from E216 
3.35 m/s 0.138 46% 20% 
4.47 m/s 0.151 36% -22%
5.59 m/s 0.215 -12% -19%
6.71 m/s 0.241 -19% -11%

Figure 5.35. SD 7062 Coefficient of Power vs. Resistance at 6.71 m/s (15 mph) 
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Comparison to the S823 and Eppler 216 Rotors. Figures 5.37 and 5.38 show the 

noise comparison with the three wind turbine rotors. These two plots show two of the three 

locations downstream, at a wind speed of 6.71 m/s (15 mph). The 75% diameter plot shows 

similar trends to that of the 50% diameter.  

 Figure 5.37 shows that the Eppler 216 and SD 7062 rotors are much quieter than 

the S823 rotor. The near field measurements of the SD 7062 show a decrease from the 

S823 by up to 8 dB(A). The SD 7062 also shows a decrease in noise of up to 3.5 dB(A) 

compared to the Eppler 216 near the hub of the rotor. Near the tip, however, the Eppler 216 

is up to 2 dB(A) quieter. Farther downstream of the rotor, the measurements are dominated 

by the background and the free stream flow suppresses the noise of the rotor, as seen in 

Figure 5.38. 

  

 
Figure 5.36. SD 7062 Vertical Location vs SPL at 6.71 m/s (15 mph) 

Turbine Diameter 

Background Noise 
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Figure 5.37. SD 7062, Eppler 216 and S823 Comparison – 16% Diameter 
Downstream and 6.71 m/s (15 mph) 

Background Noise 

Turbine Diameter 

Figure 5.38. SD 7062, Eppler 216 and S823 Comparison – 50% Diameter 
Downstream and 6.71 m/s (15 mph) 

Background Noise 

Turbine Diameter 
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Figure 5.39 shows the comparison of CP values for the three rotors at 6.71 m/s (15 

mph). This plot shows that the SD 7062 rotor does not produce as much power as the other 

two rotors, even though it is quieter than the S823. At the lower wind speeds of 3.35 and 

4.47 m/s (7.5 and 10 mph), the SD 7062 performed better than the S823 rotor, as seen in 

Table 5.4. An important trend from this plot, similar to Figure 5.30, is that the peak of the 

SD 7062 curve is rounded. Due to the rounded shape of the L/D curve of the airfoil, the CP 

of the rotor performs in a similar manner to the Eppler 216 rotor. While the lower CP values 

for the SD 7062 rotor are not preferred, the rounded peak and the low noise generation are. 

Eppler 216 Tip Treated Rotor 

Airfoil Properties 

Based on the previous tests, the Eppler 216 airfoil was chosen to apply a tip 

treatment to mitigate the tip vortices and the noise associated with these vortices. The 

Figure 5.39. Coefficient of Power vs. Tip Speed Ratio at 6.71 m/s (15 mph) 
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airfoil shape can be seen in Figure 5.22 and the aerodynamic properties can be seen in 

Figures 5.23 and 5.24.  

Eppler 216 Tip Treated Blade Design 

This rotor was designed using the BEMT MATLAB® code as previously 

discussed. This rotor was designed to have the same parameters as the previous rotors, 

except with 35 blade sections. The increase in blade sections was necessary to apply a tip 

treatment in SolidWorks. With the constant chord rotor blade completed in SolidWorks, 

an oval tip design was then implemented. This design in SolidWorks can be seen in Figure 

5.40 with the completed blade in Figure 5.41. 

Figure 5.40. Tip Treatment in SolidWorks 

Figure 5.41. Eppler 216 Tip Treated Wind Turbine Blade 
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Eppler 216 Tip Treated Wind Turbine Rotor 

Maximum Power Point Tests. The first tests performed were the MPP tests. These 

tests were done for each off the five wind speeds. The CP versus Resistance for a wind 

speed of 5.588 m/s (12.5 mph) is shown in Figure 5.42. This plot shows a maximum CP of 

0.242. When compared to the constant chord Eppler 216 rotor, this is a loss of 9.9%. The 

loss in power production occurs because there is less surface area of the rotor, and, 

therefore, a decrease in torque. The remaining plots from these tests can be seen in 

Appendix J. Table 5.5 shows the maximum CP values for the oval tip Eppler 216 rotor and 

the maximum CP values for the constant chord Eppler 216 rotor. The wind speed of 2.235 

m/s (5 mph) is excluded because this is below the cut-in speed of the tip treated rotor. 

Noise Traverse. The main area of concern for the tip treated blade were the nearfield 

noise measurements near the tips and, therefore, the full noise traverses were not 

performed. Figure 5.43 shows the near field measurements of the tip treated blade and the 

constant chord rotor at 5.588 m/s (12.5 mph). From this plot, it can be seen that the tip 

treatment does decrease the noise generated by the rotor at the tip. The green, dashed, line 

shows where the tip treatment on the blade begins. Another point of interest is that the 

Table 5.5. Tip Treated Eppler 216 Maximum Power Point Test Results 

Wind Speed Eppler 216 Tip 
Treated CP 

Eppler 216 
Constant Chord CP 

% Change from 
Constant Chord 

3.35 m/s 0.159 0.166 -4.4% 
4.47 m/s 0.180 0.195 -8.3% 
5.59 m/s 0.242 0.266 -9.9% 
6.71 m/s 0.271 0.272 -0.4% 
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smaller surface area of the tip treated blades leads to a decrease of approximately 80 RPM, 

therefore, decreasing the noise generated at the inner span as well.  

Figure 5.42. Tip Treated Eppler 216 Coefficient of Power vs. Resistance at 
5.588 m/s (12.5 mph) 

Figure 5.43. Eppler 216 Noise Comparison – 16% Diameter Downstream and 5.588 
m/s (12.5 mph) 

Turbine Diameter Background Noise 

Tip Treatment 
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Annual Energy Production 

 As previously discussed, Annual Energy Production (AEP) is another way of 

comparing wind turbine rotors. This method takes the MPP values for each wind speed, 

along with the cut-in speed of the rotor and plots the CP values versus wind speed. This plot 

can be seen in Figure 5.44 for all four of the tested rotors.  

With these power curves, and the wind survey data provided by Burdett [55], an 

AEP analysis can be performed. The wind site data was taken in Waco, TX for a total of 

17 months and the data provided is for a full calendar year, at a height of 15.24 m (50 ft.). 

The wind rose and Weibull distribution from this survey can be seen in Figures 5.45 and 

5.46. From the power curves and the wind distribution data, an AEP analysis can be 

performed, as outlined in Chapter 3. The MATLAB® code used for calculating the AEP 

can be seen in Appendix K. The AEP for each wind turbine rotor can be seen in Table 5.6. 

 
Figure 5.44. Power Curve for Four Tested Rotors 
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This analysis shows that the Eppler 216 generates the most power, given the wind 

distribution. The tip treated Eppler 216 follows the Eppler 216 rotor, as expected. The 

unexpected result from this distribution is that the SD7062 produces the least amount of 

power. While all of these numbers are relatively low, the turbine rotors tested are small.  

Figure 5.45. Waco Wind Rose at 15.24 m (50 ft.) [55] 

Figure 5.46. Waco Wind Speed Distribution at 15.24 m (50 ft.) [55] 
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Uncertainty Analysis 

 The uncertainty calculations for these tests were performed based on the method of 

Kline and McKlintock [135]. The CP values were calculated based on the values for power, 

given by the three power calculation methods, the velocity, given by the Omega PCL-2A 

differential pressure transducer, and the density, given by the zSeries monitor. As 

previously discussed, the uncertainties for the density and velocity were ±0.00314 kg/m3 

and ±0.052 m/s, respectively. Each set of power calculations had its own uncertainty 

values, therefore, the CP values did as well. These values, and the range of percentage 

uncertainty, can be seen in Table 5.7. 

 From this analysis, it can clearly be seen that the voltmeter method had the most 

uncertainty, while the torque constant method had the smallest. The calculations for these 

uncertainty values can be seen in Appendix L. 

 

 

 

Table 5.7. Wind Turbine Uncertainty Values 
Method Power Uncertainty CP Uncertainty 

Torque Meter ±0.012 W ±4.795*10-3 (1.87 – 7.16%) 
Torque Constant ±2.463*10-4 W ± 4.769*10-3 (1.75 – 7.12%) 

Voltmeter ±0.304 W ±0.013 (5.1 – 19.4%) 
 

Table 5.6 Annual Energy Production 

Rotor Annual Energy Production 
(kWh/year) % Change from S823 Rotor 

NREL S823 95.923 XX 
Eppler 216 99.141 3.35% 
SD 7062 87.749 -8.52% 

Tip Treated Eppler 216 98.475 2.66% 
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CHAPTER SIX 

Conclusions and Recommendations 

Summary of Completed Work 

This work began by introducing small wind turbines, their applications, and the 

need for more research in this field. A literature survey was performed reviewing the 

current status and the future of small wind, and the current associated research from the 

literature, such as aerodynamics, aeroacoustics, and the urban environment. The theoretical 

background for aerodynamics, wind turbine design, and aeroacoustics was then presented. 

Aerodynamic and aeroacoustic tests were then performed on four airfoils: NREL S823, 

Eppler 387, NACA 4412 and NACA 0012. Finally, wind turbine power performance and 

noise studies were performed on four rotors. 

The airfoil tests consisted of testing the four airfoils for noise generation at five 

different flow conditions over a range of AOA. The second tests consisted of a noise 

traverse in the rotor wake and exploring the shape of the wake noise downstream of the 

airfoils. QBlade was used with these four airfoils to generate aerodynamic data. This 

aerodynamic data, along with the aeroacoustic tests provided great insight to the flow over 

an airfoil and the relation between aerodynamics and aeroacoustics. From these tests, along 

with relevant research, four parameters were identified to choose a quiet and efficient 

airfoil for small wind turbines: 

1. Thin Profile

2. Increased Camber

3. High L/DMAX
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4. Plateaued Peak of the L/D Curve 

The NREL S823 turbine rotor was chosen as the baseline rotor for this study. Power 

performance and noise traverse tests were performed. To improve upon this rotor, an airfoil 

search was performed using the four parameters listed above. From the search, 15 airfoils 

were chosen for aerodynamic study using QBlade. This list was then reduced to seven 

airfoils, based on the aerodynamic tests. From these seven airfoils, two were chosen for 

testing, the Eppler 216 and the SD 7062. Wind turbine rotors were then designed using 

these airfoils and the BEMT MATLAB® code previously discussed.  

These two rotors were then tested in the same way as the NREL S823 rotor. From 

these tests, the Eppler 216 airfoil produced the most efficient turbine, as expected. The 

Eppler 216 rotor had CP values up to 62% higher than the S823 rotor and up to 22% higher 

than the SD 7062 rotor. The noise wake traverse tests showed that the Eppler 216 was also 

the best performing rotor, as expected. The Eppler 216 was up to 9.5 dB(A) quieter than 

the S823 rotor and 3.5 dB(A) quieter than the SD 7062 rotor. These results validated the 

four parameters that were derived for airfoil selection. 

The wind turbine tests as a whole showed that small wind turbines can be examined 

for power generation and noise generation in a small wind tunnel testing environment. 

These testing procedures were automated by utilizing a LabVIEW VI. This VI measured 

data from a torque meter, a load cell and an optical tachometer when the full test stand was 

used. A multi-meter was also used to monitor voltage and current through the motor. The 

torque, RPM, current, voltage and resistance values were used to calculated power for the 

full test stand. The rigid test stand measured power by utilizing the current, RPM and the 

torque constant of the motor. 
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Design Recommendations for New Wind Turbine Blades 

For new wind turbine blades, a more extensive airfoil search is necessary as 

databases are expanding and new airfoils are being developed. Along with searching for 

existing airfoils, airfoil shapes can be modified or new airfoil shapes can be generated in 

QBlade or XFOIL. These new airfoils would be based on the four criteria for airfoil 

selection. With new airfoil designs, the best option would be to perform experimental 

aerodynamic tests. While computational data is available, it has been shown that 

experimental data is preferred. With this experimental data, a more efficient wind turbine 

rotor can be designed. Also, with this experimental data, the performance characteristics 

estimated by the BEMT program will be more accurate. 

Experimental Improvements 

This work opens the door to future testing of urban wind turbines, but these testing 

procedures can be improved. For airfoil testing, a LabVIEW VI can be implemented to 

automate the traverse system. This automation would make testing more time efficient. 

Also, a new airfoil stand could be implemented to make changing the AOA more accurate 

and easier. If possible, an airfoil test stand with LabVIEW compatibility would be ideal.  

The main facility to improve is the wind turbine test stand. A stronger test stand 

that implements the torque and load cell is needed to get a full set of data for each wind 

turbine rotor. Some vibrations can be mitigated by re-designing the nosecone and hub 

attachment piece to make these pieces concentric with the motor shaft. For the noise 

traverse, a LabVIEW control would be optimal to make the noise traverse testing faster. A 

housing for the motor and the transducers would be optimal to minimize any wiring issues 

and the properly simulate the housing of a real wind turbine for the noise tests. For power 
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production tests, a variable resistor with a finer resolution than 1Ω and with the possibility 

of LabVIEW automation would be preferred. For future studies an open wind tunnel or a 

wind tunnel with a larger cross section would be preferred to mitigate any blockage effects 

and to expand the noise traverse around the wind turbine. 

 Another area of improvement would be with the BEMT MATLAB® code. While 

this code generates the necessary data for wind turbine design, it is possible to generate 

SolidWorks macros to simplify the wind turbine design process in SolidWorks. With this 

implementation, wind turbine blades could be designed and generated in SolidWorks in a 

matter of minutes, rather than the hours it currently takes. 

Recommendations for Future Studies 

 With this study completed, there are multiple tests that can be accomplished to 

further this work. This study focused on using a single airfoil for the entire rotor blade 

while commercial turbines usually use multiple airfoil shapes on a single blade. 

Implementing multiple airfoils on a single blade may improve power production and 

decrease noise generation. With the current BEMT code, this is possible and should be the 

focus of future studies. Another area of focus can be passive flow control. Large wind 

turbines, propellers and airplane wings utilize these devices to increase aerodynamic 

performance and decrease noise generation. These devices include trip strips, trailing-edge 

flaps, leading-edge slots, and trailing or leading-edge serrations. Another method to lower 

noise concerns are the blade tips. As shown in this study, the blade tips generated the most 

noise and tip treatments can lower this noise. These treatments include tapers, winglets, 

oval shapes, shark fin tips and Ogee tips. Another area of research with small wind turbines, 

especially in the urban environment, would be investigating turbulence affects. Due to the 
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turbulent nature of airfoil in an urban environment, this research could prove to be very 

important. Utilizing turbulence grids in a wind tunnel, different turbulence intensities can 

be tested on a known wind turbine rotor to explore the affects that turbulence would have 

on power production and noise generation. Computational analysis is a prevalent tool that 

is being used to test wind turbines for power production and noise generation. Future 

studies can use computational tools to analyze a great deal of different wind turbine rotors. 

With these computational tests, less time can be spent performing laboratory tests and fine 

tuning the wind turbine rotor for better performance. This study focused on A-weighted 

sound pressure levels, but frequency analysis can also be performed. With this analysis, 

airfoils can be modified to account for different types of noise generation, based on the 

frequencies produced by the airfoil.  

Concluding Remarks 

In summary, this work examined airfoils for aerodynamic and aeroacoustic 

properties. From this tests, parameters were then developed to design a quiet and efficient 

small wind turbine rotor. Three new wind turbine rotors were designed and tested for power 

production and noise generation. With these airfoil and wind turbine tests, future studies 

can use this work as a framework for design procedures to generate new small-scale wind 

turbine rotors. 
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APPENDIX A 

BEMT MATLAB® Codes 

BEMT Loop 

% Generalized Rotor Design, from Wind Energy Explained 

clear all 
close all 
clc 

disp('>> bemt_opt') 

ttotal_start = tic; 

%% Input File 

cd AirX 
AirX_Input 
cd .. 

%% Optimize Performance (Find Optimum Angle) 

SpdRatio = omega*r/U;   % local speed ratio 
solidity = B*c./(2*pi*r);   % Local solidity 

p1 = {rho,nu,R,rhub,U,TSR,omega,B,maxiter,ATol}; 

alpha = zeros(1,n); 
CP    = zeros(1,n); 
Urel  = zeros(1,n); 
Re    = zeros(1,n); 

% initialize... 
tmin  = 0; 
tmax  = 50; 
step  = [1,0.1,0.01]; 
range = [50,10,1]; 
twist = (tmax - tmin)/2*ones(1,n)*d2r; 

for j = 1:length(step) 

    t_iter_start = tic; 

    disp(' ') 
    disp(['step = ',num2str(step(j))]) 
    disp(['range = ',num2str(range(j))]) 
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    fprintf(' i \t  a  \t  ap \t twist \t alpha \t   Re \t   CP \t  
elasp time \n') 
     
    for i = 1:n 
        tmin = twist(i)/d2r - range(j)/2; 
        tmax = twist(i)/d2r + range(j)/2; 
        t_elem_start = tic; 
        p2 = {af,n,r(i),SpdRatio(i),c(i),solidity(i)}; 
        CP(i) = -1; 
        for p = tmin:step(j):tmax 
            twist(i) = p*d2r; 
            %disp(twist(i)/d2r) 
            [cp,aa,a(i),ap(i),~] = 
bemt_loop(twist(i),corr,p1,p2,false); 
            %disp([p,cp,aa]) 
            if cp >= CP(i) 
                CP(i) = cp; 
                opt_p = twist(i); 
                alpha(i) = aa; 
                Urel(i)  = sqrt(((1-
a(i))*U)^2+(omega*r(i)*(1+ap(i)))^2);   % Relative velocity 
                Re(i)    = Urel(i)*c(i)/nu;              % Reynolds 
number 
            end 
        end 
        twist(i) = opt_p; 
        t_elem_elasp = toc(t_elem_start); 
        fprintf('%2i \t %5.2f \t %5.2f \t %5.2f \t %5.2f \t %5.1f \t 
%7.4f \t %5.3f \n', ... 
                
i,a(i),ap(i),twist(i)/d2r,alpha(i)/d2r,Re(i)/1000,CP(i),t_elem_elasp) 
    end 
     
    disp(' ') 
    disp(['CP = ',num2str(sum(CP))]) 
    disp(' ') 
     
    t_iter_elasp = toc(t_iter_start); 
    disp(['Elasped time is ',num2str(t_iter_elasp/60),' minutes']) 
     
end 
     
ttotal_elasp = toc(ttotal_start); 
disp(['Elapsed time is ',num2str(ttotal_elasp/60),' minutes.']) 
  
% save('AirX\AirX_Twist','twist') 

 

Input M-File 

%% Load conversion factors and airfoil data 
  
cd .. 
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conversions 
  
i = 1; 
af{i}.renum = 50; 
af{i}.data  = load('Airfoil Data\XFOIL\Epp_216\E216_50k.txt'); 
i = i + 1; 
af{i}.renum = 75; 
af{i}.data  = load('Airfoil Data\XFOIL\Epp_216\E216_75k.txt'); 
i = i + 1; 
af{i}.renum = 100; 
af{i}.data  = load('Airfoil Data\XFOIL\Epp_216\E216_100k.txt'); 
i = i + 1; 
af{i}.renum = 150; 
af{i}.data  = load('Airfoil Data\XFOIL\Epp_216\E216_150k.txt'); 
i = i + 1; 
af{i}.renum = 200; 
af{i}.data  = load('Airfoil Data\XFOIL\Epp_216\E216_200k.txt'); 
  
af = [af{:}]; 
  
cd AirX 
  
  
%% Input Parameters 
  
% Simulation paramters 
maxiter = 1000;             % Maximum number of iterations 
ATol    = 1E-6;             % Tolerance for induction loop 
  
% Air Properties 
rho = 1.225;                % air density, kg/m^3 
nu  = 1.464E-05;            % kinematic viscosity, m^2/s, at 15 deg C 
  
% General Turbine Parameters 
B     = 3;                  % number of blades 
R     = 0.575;              % rotor radius, m 
rhub  = 0.0575;             % hub radius, m 
U     = 15;                 % wind velocity, m/s 
TSR   = 5;                  % tip speed ratio at that rpm 
omega = TSR*U/R;            % rotational speed, rad/s 
rpm   = omega/rpm2rps;      % rotational speed, rpm 
  
% Elemental Turbine Parameters 
n    = 35;                  % number of elements 
c    = 0.096*ones(1,n+1);   % local chord betwen elements, m 
r    = zeros(1,n+1);        % local radius between elements, m 
delr = (R-rhub)/n;          % radial length of each element, m 
for i = 1:n+1 
    % loop for calculating radial divisions of the element 
    r(i) = delr*(i-1)+rhub; 
end 
  
%%  Corrections 
  
% WT_Perf Corrections 
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corr.tip_loss  = true;  % use tip loss correction? 
corr.hub_loss  = false;  % use hub loss correction? 
 
%% Calculate Elemental Turbine Parameters at Center of Elements 
  
% Local Radius 
r_old = r; 
clear r 
for i = 1:n 
    r(i) = ( r_old(i+1) - r_old(i) )/2 + r_old(i); 
end 
  
% Local Chord 
c_old = c; 
clear c 
c = pchip(r_old,c_old,r); 
 
function [CP,alpha,a,ap,CL,CD,F] = 
bemt_loop(twist,corr,p1,p2,print_errors) 
% this function interates to find the induction factors for a specified 
% element. twist is the twist angle of the blade. p1 and p2 are cell 
arrays 
% of other wind turbine parameters 
  
conversions         % conversion factors 
  
rho      = p1{1};   % density, kg/m^3 
nu       = p1{2};   % kinematic viscosity, kg/(m*s) 
R        = p1{3};   % turbine radius, m 
rhub     = p1{4};   % hub radius, m 
U        = p1{5};   % freestream velocity, m/s 
TSR      = p1{6};   % tip speed ratio 
omega    = p1{7};   % rotational speed, rad/s 
B        = p1{8};   % number of blades 
maxiter  = p1{9};   % max number of iterations 
ATol     = p1{10};  % tolerance to exit induction loop 
af       = p2{1};   % airfoil data 
renum    = [af.renum]; % Reynolds numbers of airfoil data 
data     = {af.data};  % Cell array of airfoil data 
n        = p2{2};   % number of elements 
r        = p2{3};   % radius to center of each element, m 
SpdRatio = p2{4};   % local speed ratio 
c        = p2{5};   % chord, m 
solidity = p2{6};   % solidity... 
  
% initial guess values 
Urel  = U*sqrt(1+SpdRatio^2);   % Relative velocity 
Re    = Urel*c/nu;              % Reynolds number 
[h,~] = re_find(renum,Re/1000); % Find airfoil data to use 
[~,i] = max(data{h}(:,4)); 
alpha = data{h}(i,1)*d2r;                   % Angle of attack, radians 
phi   = twist + alpha;                      % Local flow angle, radians 
% CL    = spline(data{h}(:,1),data{h}(:,2),alpha/d2r);  % CL based on 
alpha 
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% CD    = spline(data{h}(:,1),data{h}(:,3),alpha/d2r);  % CD based on 
alpha 
% a     = 1./( 1+4*sin(phi).^2./( solidity.*(CL.*cos(phi)+CD.*sin(phi)) 
) ); 
%                                             % axial induction factor 
%ap    = (1-3*a)./(4*a-1);                   % tangential induction 
factor 
a = 1/3; 
ap = 0; 
  
% Induction loop 
i = 0; 
while(1) 
    i = i + 1; 
     
    % tip and hub loss corrections 
    if corr.tip_loss == true 
        F_Tip = 2/pi * acos( exp( -( B/2*(1-r/R)/(r/R*sin(phi)) ) ) );  
% tip loss factor 
    else 
        F_Tip = 1; 
    end 
    if corr.hub_loss == true 
        F_Hub = 2/pi * acos( exp( -( B/2*(r/R-rhub/R)/(rhub/R*sin(phi)) 
) ) );  % hub loss factor 
    else 
        F_Hub = 1; 
    end 
    F = F_Tip*F_Hub; 
     
    Urel  = sqrt(((1-a)*U)^2+(omega*r*(1+ap))^2);   % Relative velocity 
    Re    = Urel*c/nu;              % Reynolds number 
    [h,l] = re_find(renum,Re/1000); % Find airfoil data to use 
    hmin  = min(data{h}(:,1))*d2r; 
    lmin  = min(data{l}(:,1))*d2r; 
    hmax  = max(data{h}(:,1))*d2r; 
    lmax  = max(data{l}(:,1))*d2r; 
     
    % check if F has an imaginary part or if alpha is outside limits of 
    % given airfoil data or if number of iterations is greater than 
1000 
    % and return NaN if so 
    if alpha < hmin || alpha < lmin 
        if print_errors == true 
            disp(['for the next element, the current angle of attack 
(',... 
                 num2str(alpha/d2r),') is outside the domain of your 
data.']) 
            disp(['iteration number ',num2str(i)]) 
        end 
        CP    = NaN; 
        alpha = NaN; 
        CL    = NaN; 
        CD    = NaN; 
        return 
    elseif alpha > hmax || alpha > lmax 
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        if print_errors == true 
            disp(['for the next element, the current angle of attack 
(',... 
                 num2str(alpha/d2r),') is outside the domain of your 
data.']) 
        end 
        CP    = NaN; 
        alpha = NaN; 
        CL    = NaN; 
        CD    = NaN; 
        return 
    end 
     
    if imag(F) ~= 0 || isnan(alpha) == 1 
        if print_errors == true 
            disp('Iterating pushed the data to unreal values') 
        end 
        CP    = NaN; 
        alpha = NaN; 
        CL    = NaN; 
        CD    = NaN; 
        return 
    end 
     
    if i >= maxiter 
        if print_errors == true 
            disp(['Reached maximum number of iterations (',... 
                  num2str(maxiter),') without reaching convergence']) 
        end 
        CP    = NaN; 
        alpha = NaN; 
        CL    = NaN; 
        CD    = NaN; 
        return 
    end 
     
    % Determining lift and drag coefficient (CL and CD) 
    if h == l 
        CL = spline(data{h}(:,1),data{h}(:,2),alpha/d2r); 
        CD = spline(data{h}(:,1),data{h}(:,3),alpha/d2r); 
    else 
        CLh = spline(data{h}(:,1),data{h}(:,2),alpha/d2r); 
        CLl = spline(data{l}(:,1),data{l}(:,2),alpha/d2r); 
        CDh = spline(data{h}(:,1),data{h}(:,3),alpha/d2r); 
        CDl = spline(data{l}(:,1),data{l}(:,3),alpha/d2r); 
        CL  = interp1([renum(l),renum(h)],[CLl,CLh],Re/1000); 
        CD  = interp1([renum(l),renum(h)],[CDl,CDh],Re/1000); 
    end 
     
    % coefficient of torque calculation 
    CT = solidity*(1-a)^2*... 
            (CL*cos(phi)+CD*sin(phi))/... 
            sin(phi)^2; 
    % new axial induction factor calculation 
    if CT < 0.96 
        anew = 1/( 1+... 
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                  4*F*sin(phi)^2/... 
                  ( solidity*CL*cos(phi) ) ); 
    else 
        anew = 1/F * ( 0.143 + ... 
                  sqrt(0.0203 - 0.6427 * ( 0.889 - CT ) ) ); 
    end 
    % new tangential induction factor calculation 
    apnew = 1/( 4*F*cos(phi) / ( solidity*CL ) - 1 ); 
    % calculation of error 
    err = abs( (anew-a)/anew ); 
    if err < ATol 
        break 
    else 
        a = anew; 
        ap = apnew; 
        phi = atan2((1-a),(1+ap)*SpdRatio); 
        alpha = phi - twist; 
    end 
end 
  
% Coefficient of power calculation from Manwell Text 
CP = 8/(TSR*n)*F .* sin(phi).^2 .* ... 
                         (cos(phi)-SpdRatio.*sin(phi)) .* ... 
                         (sin(phi)+SpdRatio.*cos(phi)) .* ... 
                         (1-CD./CL.*cot(phi)) .* SpdRatio.^2; 
  
end 

 

Subprograms 

Unit Converter 

% conversions.m 
  
rpm2rps = 2*pi/60;  % RPM to rad/s 
mph2mps = 0.44704;  % mph to m/s 
d2r = pi/180;       % degrees to radians 

 

Reynolds Number Interpolation 

function [l,h] = re_find(red,re) 
% this function finds the reynolds numbers in red that it lies between 
% the reynolds number in the cell array red must be in order from 
greatest 
% to least 
  
[remax,h] = max(red);    % re max from data and index 
[remin,l] = min(red);    % re min from data and index 
n         = length(red); % number of reynolds numbers in data 
  
if re > remax 
    l = h; 



 
 

124 
 

    return 
%     error(['Reynolds number of ',num2str(re),' is greater than ',... 
%            'maximum Reynolds number of airfoil data']) 
elseif re < remin 
    h = l; 
    return 
%     error(['Reynolds number of ',num2str(re),' is lower than ',... 
%            'minimum Reynolds number of aifoil data']) 
end 
  
for i = 1:n 
    if re == red(i) 
        h = i; 
        l = i; 
        break 
    elseif re < red(i) && red(i) <= red(h)  
        h = i; 
    elseif re > red(i) && red(i) >= red(l) 
        l = i; 
    end 
end 
  
end 
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APPENDIX B 
 

Airfoil Noise Uncertainty Calculations 
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APPENDIX C 

LabVIEW VI Block Diagram 
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APPENDIX D 

Calibration VI Block Diagram 
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APPENDIX E 

Maximum Power Point Plots for S823 Rotor 

 
Figure E.1. NREL S823 Coefficient of Power vs. Resistance at 5 mph 

 
Figure E.2. NREL S823 Coefficient of Power vs. Resistance at 7.5 mph 
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Figure E.3. NREL S823 Coefficient of Power vs. Resistance at 10 mph 

 
Figure E.3. NREL S823 Coefficient of Power vs. Resistance at 10 mph 
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APPENDIX F 

UIUC Airfoil Search 

Althaus 
AH 93-
W-174 

 

Chuch 
Hollinger 
CH 10-
48-13 

 

Eppler 
66 

 

Eppler 
195 

(Finalist) 
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Eppler 
216 

(Finalist 
and Final 
Choice) 

 

Eppler 
387 

(Finalist) 

 

Eppler 
392 

 

Wortman
n FX 77-
W-153 

 

Martin 
Hepperle 
MH 102 
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Martin 
Hepperle 
MH 104 

 

SD 7062 
(Finalist) 

 

Selig 
1223 

(Finalist) 

 

Selig 
4022 

(Finalist) 

 

Selig 
4062 

(Finalist) 
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Selig 
4180 
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APPENDIX G 

NREL Airfoil Search 

NREL S-
802 

 

NREL S-
803 

 

NREL S-
804 

 

NREL S-
826 
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NREL S-
823 
(Original) 
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APPENDIX H 

Maximum Power Point Plots for Eppler 216 Rotor 

 
Figure H.1. Eppler 216 Coefficient of Power vs. Resistance at 5 mph 

 
Figure H.2. Eppler 216 Coefficient of Power vs. Resistance at 10 mph 



 
 

137 
 

 

 
Figure H.3. Eppler 216 Coefficient of Power vs. Resistance at 10 mph 

 
Figure H.4. Eppler 216 Coefficient of Power vs. Resistance at 12.5 mph 
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APPENDIX I 

Maximum Power Point Plots for SD 7062 Rotor 

 
Figure I.3. SD 7062 Coefficient of Power vs. Resistance at 10 mph 

 
Figure I.2. SD 7062 Coefficient of Power vs. Resistance at 7.5 mph 
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Figure I.4. SD 7062 Coefficient of Power vs. Resistance at 12.5 mph 
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APPENDIX J 

Maximum Power Point Plots for Tip Treated Eppler 216 Rotor 

 
Figure J.1. Tip Treated Eppler 216 Coefficient of Power vs. Resistance at 7.5 mph 

 
Figure J.2. Tip Treated Eppler 216 Coefficient of Power vs. Resistance at 10 mph 
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Figure J.1. Tip Treated Eppler 216 Coefficient of Power vs. Resistance at 12.5 mph 
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APPENDIX K 

Annual Energy Production MATLAB® Code 

%Calculating AEP with 50 ft data via Burdett 
%Andrew Hays 2017 
clc 
clear 
  
%Bins of 0.5 m/s width 
Prob = [ 0.037, 0.038, 0.068, 0.114, 0.153, 0.179, 0.177, 0.176, ... 
         0.161, 0.152, 0.131, 0.111, 0.095, 0.083, 0.063, 0.050, ... 
         0.041, 0.032, 0.026, 0.017, 0.010, 0.005, 0.003, 0.002, 
0.001]; 
      
U = linspace(0,12); 
[S823C, E216C, SDC, E216TC] = PowerCur(U); 
  
figure(1) 
plot(U,E216C,'Color', [1,0.55,0],'LineWidth',2) 
hold on 
plot(U,E216TC,'Color',[0.698,0.133,0.133],'LineWidth',2) 
hold on 
plot(U,SDC,'Color', [0.58,0,0.83],'LineWidth',2) 
hold on 
plot(U,S823C,'c','LineWidth',2) 
hold off 
xlabel('\bf Wind Speed (m/s)') 
ylabel('\bf Power (W)') 
title('Cp Power Curve') 
legend('\bf Eppler 216','\bf Tip Treated Eppler 216','\bf SD 7062','\bf 
S823', 'Location', 'NorthWest') 
grid on 
  
figure(2) 
UU = linspace(0,12.5,25); 
bar(UU,Prob); 
legend('\bf Probability', 'Location', 'NorthEast') 
grid on 
xlabel('\bf Wind Speed (m/s)') 
ylabel('\bf Coefficient of Power') 
axis([0 12.5 0 .20]) 
hold off 
  
hours = Prob*8760; 
WindSpeeds = [0.25 0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25 4.75 5.25 
5.75 ... 
            6.25 6.75 7.25 7.75 8.25 8.75 9.25 9.75 10.25 10.75 11.25 
... 
            11.75 12.25]; 
n = length(WindSpeeds); 
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for i = 1:n 
     
   [S823P, E216P, SDP, E216TP] = PowerCur(WindSpeeds(i)); 
     
   S823Power(i)   = [S823P]; 
   E216Power(i)   = [E216P]; 
   SD7062Power(i) = [SDP]; 
   E216TPower(i)  = [E216TP]; 
  
i = i+1; 
end 
  
S823   = (S823Power)  .* hours; 
E216   = (E216Power)  .* hours; 
SD7062 = (SD7062Power).* hours; 
E216T  = (E216TPower) .* hours; 
  
  
S823_AEP   = round(sum(S823)) 
E216_AEP   = round(sum(E216)) 
SD7062_AEP = round(sum(SD7062)) 
E216T_AEP  = round(sum(E216T)) 
 
 
function [S823, E216, SD, E216T] = PowerCur(u) 
  
E216   = 0.0563.*u.^3 - 0.1195.*u.^2 + 0.0289.*u + 0.0208; 
  
E216T  = 0.0688.*u.^3 - 0.2392.*u.^2 + 0.2430.*u - 0.0018; 
  
SD     = 0.0629.*u.^3 - 0.2263.*u.^2 + 0.2322.*u + 0.0009; 
  
S823   = 0.0824.*u.^3 - 0.3519.*u.^2 + 0.3406.*u + 0.0361; 
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APPENDIX L 

Coefficient of Power Uncertainty Calculations 
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