
ABSTRACT 

 
Design and Experimental Testing of Small-Scale Wind Turbines 

Jason R. Gregg, M.S.M.E. 

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

 
Due to the increasing environmental and economic cost of fossil fuels, alternative 

sources of energy are needed.  One such source is energy wind energy.  Much of the 

current wind turbine research focuses on large-scale wind turbines.  An alternative 

approach is small-scale wind turbines designed specifically to produce power at low wind 

speeds.  This thesis investigates the design and testing of these turbines.  Concerns 

specific to small-scale design, such as low Reynolds number flow, separation, and low 

wind speed power generation are addressed.  A test apparatus was developed to validate 

the design procedure, and specific methods to increase power generation under these 

conditions, such as spanwise and axial roughness, two, three, and four-bladed systems 

and tip-speed ratios of 1, 3, and 7, were investigated.  While many of these methods 

increased system efficiency, roughness was found to dramatically improve performance, 

reaching up to 126% increase in power output at a wind speed of 10 mph.  
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CHAPTER ONE 
 

Introduction 
 

 
While the use of wind power for electricity generation is a relatively modern 

phenomenon, mankind has harnessed the power of the wind for thousands of years. One 

of the first recorded wind machines was a wind-powered organ designed by Heron of 

Alexandria in the 1
st

 century CE, shown in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Heron's Wind Machine [1] 
 
 

This application was primarily a novelty, however, the main use for wind power 

in ancient and medieval times was for irrigation and grinding grain. The ancient Persian 
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civilizations used sails attached to a vertical axis to power a gristmill as early as the 7th 

century AD.  A typical Persian windmill is pictured in Figure 2. This type of windmill is 

a drag-driven, vertical axis system.  The Persian system consisted of wood or cloth sails 

attached to a central rotor.  As half of the sails are always shielded from the wind,  torque 

and rotational movement are generated in the rotor.  This torque is transmitted directly to 

the grinding mechanism, which was used to grind the available grains. 

 
               Cross-sectional View                                               Top View 

 

Figure 2 Early Persian Windmill [2] 
 
 

The horizontal axis wind turbine originated in Europe in the 11th century.  During 

the next several centuries, this technology was adapted to such varied uses as pumping 

water from a well, irrigation, pumping drainage, and sawing lumber.  European settlers 

brought this technology to the Americas in the late 19th century.  In the United States, 

Grinding 
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wind pumps were primarily used for farm and ranch irrigation until the Rural 

Electrification Administration programs began in the 1930s.  Bossanyi et. al. state that : 

“…horizontal-axis windmills were an integral part of the 
rural economy and only fell into disuse with the advent of 
cheap fossil-fuelled engines and then the spread of rural 
electrification” [3] 
 

In the late 1970s and early 1980s, the economic and environmental cost of fossil 

fuel use led to wide scale harnessing wind power for electrical generation.  In this 

application, wind turbines translate the movement from the wind into electrical power, 

through a generator. 

To best harness the wind as an energy source, one must be able to understand the 

dynamics which create and influence the flow of air from one region to another.  The two 

primary causes for this airflow are regional temperature differences and the Earth’s 

rotation.  The wind caused by temperature differences occurs primarily along the north-

south axis of the Earth, as the largest temperature gradient is between the poles and the 

equator.  The rotation of the Earth generates wind on an east-west axis, as that is the 

direction of the rotation. 

Wind behavior is not easily predictable on a local scale.  It is affected by the local 

geography and daily weather conditions.  However, extensive study into this behavior 

makes general regional predictions possible.  For wind turbine applications, this data has 

been compiled by the National Renewable Energy Laboratory (NREL).  NREL classifies 

a region’s wind potential into seven classes; they are summarized in Table 1.  In this 

table, wind power density data is presented at elevations of 10 m and 50 m.  Wind power 

density is the amount of energy available for extraction in a square meter of area.  Also 

shown in this table are the NREL ratings of each class in terms of potential generation.  A 
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primary regions for power generation are in the Central United States.  Wind power has 

been adopted in many of these regions as a partnership with local farmers to increase 

their revenue without destroying much crop space.  The power generated in these regions 

must then be transmitted to urban areas with high power requirements.  The ideal 

geographical location for wind power would be a rural region with low property values  

near a city, manufacturing facility or high capacity transmission line.  

Table 1 Classes of wind power density at 10 m and 50 m [4] 

Wind 
Power 
Class 

NREL 
Rating 

10 m 50 m 
Wind 
Power 

Density 

Speed  
(m/s) 

Wind 
Power 

Density 

Speed  
(m/s)  

(W/m2) (W/m2) 
  0 0 0 0 

1 Poor      

100 4.4 200 5.6 

2 Marginal 

150 5.1 300 6.4 

3 Fair 

200 5.6 400 7 

4 Good 

250 6 500 7.5 

5 Excellent 

300 6.4 600 8 

6 Outstanding 

400 7 800 8.8 

7 Superb 

1000 9.4 2000 11.9 
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Fossil fuels are currently the primary energy source globally.  In 2009, 89.2% of the 

commercially traded fuels were fossil fuels [5].  Fossil fuels consist of coal, natural gas, 

and oil.  All of these resources are naturally occurring, but non-renewable, thus, new 

reserves must be found and tapped to continue production.  Oil is primarily used for 

transportation, while coal and natural gas are most often used for power generation.  As 

the world becomes more industrialized, society’s energy demands are increasing.  Figures 

4-6 show global fuel consumption for oil, natural gas and coal since 1965.  In all of these 

figures, the dramatic expansion of world energy needs over the last half century can be 

seen. 

 

 

Figure 4 Worldwide Oil Consumption [5] 
 
 
 As seen in Figure 4, oil consumption has increased almost three-fold since 1965. 

This increased drain on the available resources has lead to further exploration for oil 

0

10000

20000

30000

40000

50000

60000

70000

80000

90000

1960 1970 1980 1990 2000 2010 2020

Th
o
u
sa
n
d
 B
b
ls
/D

ay

Year



 7   
 

reserves in areas with greater extraction and transportation costs, such as offshore 

drilling.  This in turn increases the cost of energy produced.  Additionally, at some point 

these reserves may become completely exhausted.  In 1956, M. King Hubbert used past 

discovery and production data to estimate future oil production within the United States.  

Hubbert predicted that the United States oil production would peak around 1970.  This 

prediction was validated when the US production of crude oil peaked in 1971.  The same 

methodology when applied to world production predicts peak oil between 2009 and 2021 

[6].  As seen in Figure 4, this peak may have already occurred.  At current consumption 

rates, the known oil reserves will be exhausted in 45.7 years [5]. 

 

 

Figure 5 Worldwide Natural Gas Consumption [5] 
 
 
 Natural gas consumption has increased by approximately 500% since 1965, 

shown in Figure 5.  This increase can be attributed to the adoption of natural gas as a 
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primary source for industrial power generation [7], due to the quick initialization time for 

natural gas plants.  Although natural gas use declined for the first time in 2009 [5], the 

demand is predicted to continue to increase [7].  At the current rate of consumption, 

known natural gas resources will last 62.8 years [5]. 

 

 

Figure 6 Worldwide Coal Production [5] 
 

Figure 6 shows that coal production has greatly increased over the past 10 years, 

this is driven by an increased energy demand in the developing world.  The developing 

world prefers coal as an energy source due to its low economic cost.  This lower cost is 

driven by the abundance of coal as a natural resource.  At the current rate of 

consumption, known coal reserves will last 119 years [5].  However, coal has a much 

higher ecological cost than the other fossil fuels both in extraction and use.  Natural gas 

has 70% less emissions during combustion than coal.   
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As shown above, the use of fossil fuel resources as the world’s primary fuel 

source cannot continue indefinitely, even if world energy consumption is frozen at 2009 

levels.  However, world energy usage is expected to rise by 44% from 2006 levels by the 

year 2030 [7].  The increasing demand for energy production combined with the depleted 

reserves of fossil fuels will create a much increased cost for energy.  This will create a 

strain on industrial growth and eventually could cripple the world economy, especially in 

developing countries which are driving their economic growth with energy generated by 

cheap fossil fuel. 

To avoid the direst of these consequences, a two-fold energy strategy must be 

pursued.  Worldwide energy policy must drive to: 

1) Conserve Energy 

2) Pursue Viable Alternatives to Fossil Fuels      

Individuals and environmental design groups are pursuing conservation methods 

for single family dwellings, and zero emission houses are becoming increasingly cost 

effective, however, as 70% of power usage in the United States is by the industrial sector, 

industry must fully commit to conservation to make a significant change in usage. 

Renewable energy sources, such as wind, solar or hydro power, are being adopted 

throughout the world as alternatives to conventional power generation (using fossil fuels). 

Currently, 8% of world power generation comes from these renewable sources [7]. 

Wind power is becoming more economically competitive with conventional fossil 

fuels, especially when incorporating the cost of the carbon emissions produced in fossil 

fuel plants [8].  In the United States, this new production is the result of the large turbines 
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and wind farms being installed.  To make these facilities feasible, there must be two main 

conditions: 

1) High Average Wind Speeds 

2) Land without Obstruction 

These requirements result in wind farms that are often located at great distances 

from population centers, and often in agricultural regions.  The power generated at the 

remote turbine site must then be transmitted to locations where the electricity will be 

used.  This creates a large cost barrier, as the transmission lines necessary for a large-

scale wind farm costs ~$2 million per mile to install.  Currently Texas is the leading state 

in the U.S. for installed wind turbine capacity with 9.4 GW as of the end of 2009 [9].  

While Texas has far fewer government grants for wind turbine installation than other 

states, the local growth is driven by Texas’ modern transmission grid.  This fact, 

combined with the Class 4 winds [4] available in West Texas has led to Texas increasing 

capacity by 116% from 2007 to 2009 [9].  This can be contrasted with California, whose 

installed wind generation capabilities have only increased by 14.7% in this same period 

[9]. California’s power grid is currently fully used, and is not capable of adding new 

capacity.   

Wind energy has great promise, the United States’ government has backed a goal 

of 20% of the nation’s power generated from wind energy by 2030 [10].  There are 

several drawbacks, however.  Due to the unreliable nature of wind, grid-integration of 

wind power becomes very difficult, especially if over 50% of the grid power is wind 

generated [11].  If power could be economically stored at large levels, this challenge 

could be overcome.  However, the technology for grid scale storage is not yet available. 
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The problems with the power grid and lack of storage capacity could be alleviated 

by a more distributed system of smaller wind generators.  Distributed generation is 

generally defined as small scale power generation [12].  This decreases transmission 

losses, as the power could be generated nearer to the location where it will be consumed.  

Additionally, a distributed generation grid can lead to a more cost effective, reliable 

power grid [13].  Distributed generation also means wind generation would be less 

sensitive to days with decreased wind speeds in some regions as wind speeds can greatly 

vary over a small geographic area.   

Small scale wind generation, defined as power generated by wind generators with 

<100kW peak generation, has increased by 15% in 2009 in the United States [14].  

However, much of the design methodology used for small scale wind is based on that 

used for large scale wind turbine design (>1 MW).  An example of this is the use of 25 

mph as a design speed for small scale turbines.  This design speed will only be met at a 

fraction of the possible locations for small wind turbines.  Due to the focus on large scale 

systems, there is a lack of research into the behavior and design process for small and 

micro wind generators.  Thus, there is a need to investigate the fundamental aerodynamic 

blade behavior, as well as the blade-generator pairing. This thesis approaches these needs 

by developing a reliable test apparatus to test small scale, low-speed wind turbines in a 

wind tunnel, examining an aerodynamic design procedure for wind turbine blades, and 

validating it with experimental testing.   
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CHAPTER TWO 
 

Literature Survey 
 

Wind Turbine Airfoil Design and Testing 

The development of airfoils specifically for wind turbines has been an ongoing 

project with NREL since 1984 when J.L. Tangler and D.M. Somers began their 

research[15]. The goal of their research was to design airfoils whose performance does 

not degrade with surface roughness caused by dust and insect strikes. Another goal of this 

research project was Reynolds number (Re) specific designs, as many of the initial 

airfoils used in wind turbines were National Advisory Committee for Aeronautics 

(NACA) and National Aeronautics and Space Administration (NASA) airfoils designed 

for much higher Re. To meet this goal, a series of airfoils (S801-S828) were produced, 

each for a specific Re conditions ranging from 100,000 to 3,000,000. These airfoils were 

analyzed using the Eppler code [16], and the results were used to justify airfoil selection 

for the NREL Advanced Research Turbine. An in depth experimental study of the S809 

was also performed [17]. It determined that at the tested Re (Re = 1, 1.5, 2, 3 x 106) 

performance varied, depending on whether a zig-zag trip strip was used to force the flow 

to transition to turbulent. A sample of these results is shown in Figures 7 and 8, with the 

drag polar (part (a) of both figures), and the coefficient of lift vs. angle of attack (part 

(b)). It can be seen that with a fixed transition point, a zig-zag roughness strip at 0.45 c, 

the results match well with theoretical predictions for clean flow (Figure 7), however  
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when the transition is not forced (Figure 8), the drag measured is 28%  higher than 

theoretically predicted. The coefficient of lift remains relatively high even after the max 

lift-to-drag ratio (L/D) which occurs at 7 degrees for the free transition case, and 8 

degrees for forced transition [17].  In the free transition case, another note is that the stall 

angle of attack varied significantly over the range of Reynolds numbers, from 4 degrees 

at a Re of 3x106 to the 7 degrees mentioned above.  With the fixed transition point, 

maximum L/D remains at 7-8 degrees in all Reynolds number cases examined. 

This testing shows that Reynolds number has a significant effect on airfoil 

performance, yet a significant portion of the Reynolds numbers tested by NREL 

correspond to Reynolds numbers experienced by large wind turbines, while small scale 

turbines have Reynolds numbers an order of magnitude lower. Lower Reynolds number 

testing has not been widely studied. 

 

Figure 9 S822 Test Data at varying Reynolds Numbers (Free Transition) [18] 
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In 2004, Selig and Granahan [18] analyzed six different airfoils at very low Reynolds 

numbers, as would be seen in small-scale wind turbine systems. Their results showed 

drag behavior varied greatly, even in the 100,000-500,000 Reynolds number range, as 

shown in Figure 9. 

Rotational Effects on Turbine Blades 

In addition to Reynolds number effects, the three-dimensional effects of rotation 

have been shown to create significant variation from the two-dimensional airfoil 

behavior. In a discussion encompassing many of the design criteria for horizontal axis 

wind turbines, Hansen and Butterfield [19] show the rotational effects on airfoil 

performance, but attribute it simply to a stall delay caused by the rotation. 

 

Figure 10 Force Coefficient of Combined Experiment Rotor Turbine at Varying Spans 
[19] 
 

Figure 10 is a plot of angle of attack vs. the force generated normal to the fluid 

flow. It shows that a wind tunnel test of a non-rotating blade stalls at 15 degrees. This 
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figure also shows that a rotating system does not have a decline in lift generated after 15 

degrees, and on the inner 3rd of the blade, there is a large increase in generated force. 

 To generate more data on the effect of rotation on wind turbine aerodynamic 

behavior, NREL developed a test program titled Unsteady Aerodynamic Experiment 

(UAE).  The UAE test program developed a instrumented 10 m diameter wind turbine.  

This program determined, through both field testing and wind tunnel testing at NASA 

Ames, that theoretical predictions of performance did not match with experimental results 

in either low or high wind conditions (with predictions ranging from 25% to 175% of 

measured power values in no-yaw, steady-state, no-stall conditions) [20].  The blade 

design used in this comparison was the NREL Phase VI rotor, based on the S809 airfoil.  

Gonzales and Munduate [21] continued this research by examining the NREL Phase VI 

blade on a experimental rig, complete with pressure ported blades to calculate the force 

on the blade system.  The blades were first fixed, to prevent rotation, and compared to a 

test of the 2-D airfoil, as shown below in Figure 11. 

 

Figure 11 Force Coefficient of NREL Phase VI Blades (Parked) [21] 
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As can be seen in the figure, the results matched well with the 2-D data, except 

for the performance at 47% radius, which the authors concluded “seemed to be connected 

with adjacent stalled sections.” Figure 11 shows the non-dimensionalized force generated 

by the airfoil in the direction of rotation (Normal force coefficient) at various angles of 

attack. 

 

Figure 12 Force Coefficient of NREL Phase VI Blades (Parked and Rotating) [21] 
 

 The system was then tested under rotational operating conditions.  Two examples 

of this are shown in Figure 12.  Gonzales and Muduate showed the force coefficient was 
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greatly increased at the blade root, and suggests a complex rotational effect of flow.  The 

local flow angle (LFA) referred to in Figure 12 is the local angle of attack, taking into 

account the incoming wind and the rotational velocity of the blade.  

 To address the cause of this phenomenon, Qiu et al. [22] pursued a computational 

analysis of the complex flows seen in a horizontal axis wind turbine.  The computational 

fluid dynamics (CFD) study was performed and validated for a 10 m diameter wind 

turbine designed using the NREL S809 airfoil.  The significant result of this study is 

shown in Figure 13, while the flow on the pressure surface is almost 2-D, as expected 

using blade element momentum theory, the suction surface shows a spanwise flow 

developed on the inner third of the blade span towards the tip of the blade.  This behavior 

needs further investigation. 

 

 
 

Figure 13 CFD Streamlines on S809 Wind Turbine Blade  [22] 
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Roughness and Flow Control on Turbine Blades 

 Roughness can have a profound effect on airfoil performance, as shown by the 

addition of zig-zag strips in Somers experimental analysis [17].  The type of roughness 

also has a significant effect.  Khalfallah and Koliub [23] have shown that dust 

accumulation has a significant negative effect on performance for a 100kW wind turbine. 

Figure 14 shows that a 100kW wind turbine can have up to a 50% decrease in power 

output on a stall controlled system with only 9 months of dust accumulation.  As shown, 

the effect on pitch controlled systems is much lower, but it still decreases performance by 

20%. 

 

 

Figure 14 Effect of Dust Accumulation on Wind Turbine Power Output [23] 
 

Yet, the addition of designed roughness has been shown to decrease the drag present 

in aerospace applications [23].  In fact, Figure 15 shows that the drag on an airfoil can be 

reduced by up to 15% by the addition of riblets along the airfoil. 
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Figure 15 Effect of Riblets on NACA0012 and GAW Airfoils [24] 
 
 

The effect of flow control on wind turbine blades has not been extensively 

studied, especially in fixed pitch, low Reynolds number applications.  Tripping the 

boundary layer can lead to delayed stall, and thus, improved airfoil performance.  Oliver 

and Wootton [25] have shown this using air jet vortex generators to trip flow in wind 

tunnel testing meant to represent the blade on a 20 m diameter Ecotechnia wind turbine.  

Slots were used to inject air near the leading edge of the suction surface of the wind 

turbine blade built using a NACA 63-217 airfoil.  Figures 16 and 17 detail the effects of 

this flow on both lift and drag generation for this airfoil.  Note the increase in total lift, 

and the lower coefficient of drag at higher angles of attack, this can be attributed to the 

delay of separation, and, thus, a stall delay. 
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Figure 16 Effect of Vortex Generating Jets on NACA 63-217 Airfoil Lift Curve [25] 
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Figure 17 Effect of Vortex Generating Jets on NACA 63-217 Airfoil Drag Curve [25] 
 
 

As has been shown in this chapter, there have been significant advances in the 

design of wind turbines and understanding of the aerodynamic behavior of the turbine 

blades over the last 20 years.  However, the lack of research into small-scale low 

Reynolds applications must be addressed, along with the investigation of specific flow 

control methods to delay separation and reduce drag in these situations.  
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CHAPTER THREE 

Theory 

Wind Theory 

 The large-scale movement of atmospheric air, which is called wind, is primarily 

caused by solar radiation. Since the earth does not have a homogenous surface, solar 

radiation is absorbed non-uniformly.  This radiation causes variations in temperature, 

pressure and density, which drive the wind.  Additionally, Coriolis forces caused by the 

rotation of the earth drive a spiral movement. These effects are shown in Figure 18. The 

Trade Winds, Westerlies, and Easterlies are driven by a combination of temperature 

differentials and Coriolis forces, while the Jetstreams are primarily driven by the Coriolis 

forces alone. 

 

 

Figure 17 Wind Flow Diagram [11] 
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Although these prevailing winds are well defined and relatively predictable as 

shown in Figure 18, the local wind observed can be effected by both macro and micro 

topological phenomenon. To explain the topological effects, consider the wind conditions 

in Waco, Texas.  Waco is located within the Horse Latitudes, an area characterized by 

variable winds combined with calm conditions, however, the presence of the Gulf of 

Mexico to the south-east creates a topological disturbance, making the wind conditions in 

Waco more predictable (see Figure 19).  

 

 

Figure 19 Wind Rose for Waco, TX [27] 
 
 

Figure 19 is a wind rose for Waco. A wind rose is a graphical method to show 

how wind speed and direction are typically distributed in a region.  The data in Figure 19 

was collected at Waco Regional Airport (ACT) and was collected year-round between 
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1984 and 1992.  To interpret this figure, the wind comes from due south 22% of the time, 

and for a majority of that time, the wind was travelling between 11-16 knots. 

In addition to the macro topological effects, such as large bodies of water and 

mountain ranges, there are micro topological effects that cause variation even within a 

localized region.  These effects include hills, tree groves and man-made structures.  When 

constructing a wind turbine, both micro and macro topological effects must be 

considered. While the characteristics of these effects vary, a general rule of thumb to 

avoid the effects is to construct the wind turbine at a distance of twenty times the 

roughness height and at a height of no less than three times the roughness height. This is 

shown in Figure 20. A site survey is recommended prior to construction to determine the 

local wind conditions at the turbine installation site. 

 

 
 

Figure 20  Local Topographical Disturbance [26]  
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Wind Turbine Power Extraction 

There is a significant amount of energy available in the wind, stored as kinetic 

energy, which can be extracted as usable power. The total power available in a cylindrical 

column of wind, availP , is defined by the following equation 

32

2

1
UrPavail 

                                                                 (1) 

where r  is the radius of the column,   is the density of air, and U is the wind velocity. 

Consider Figure 21, where S represents the wind turbine. When a turbine is used to 

extract power from a wind entering a turbine at U  it removes energy from the wind, and 

causes a decreased exit velocity, lu .  Since the same mass of air must leave the plane of 

the turbine as enters it, the incoming column of air must expand as it leaves the wind 

turbine. This causes an expansion of the flow tube. The more power that is extracted from 

the column of air, the more it must expand. Therefore, if all the energy could be 

extracted, there would be no wind exiting the turbine violating the law of conservation of 

mass which states mass will never be created, or destroyed. 

 

 

Figure 21 Wind Turbine Illustration [27] 
 
 

   

U  

lu
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In the 1920s [11], Albert Betz theoretically determined the maximum possible 

percentage of the power that can be extracted from a moving column of air. His 

calculations assumed an ideal rotor with no hub and perfectly axial flow.  Additionally, 

the rotor analyzed was considered to be massless, and the flow was considered to be 

incompressible.  Using these assumptions, Betz determined that ideally 59.3% of the 

energy can be extracted from wind entering the wind turbine. By this analysis, there is no 

possible way to extract more power in a wind system. The derivation of the Betz limit is 

included in Appendix A, along with the result of an alternative derivation suggesting the 

maximum power output is much lower when rotational flows are included in the analysis. 

Aerodynamics of Wind Turbines 

Before the discussion of the specific aerodynamic issues in wind turbines, some 

basic aerodynamic concepts must be introduced. These concepts will be explained in the 

context of external flow over a cylinder. 

 

 

Figure 22 Flow over a Cylinder [28] 
 
 

The first concept is the streamline. A streamline is a line that is tangential to 

instantaneous velocity at each location. The lines shown in Figure 22 are examples of 

streamlines.  As can be seen in the figure, the streamlines are deflected around the 
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cylinder, except the streamline that intercepts the center of the cylinder, which ends at the 

forward stagnation point. A stagnation point is a point on a body where the instantaneous 

velocity of a fluid particle goes to zero, i.e. there is no fluid motion at the stagnation 

point. Since the flow on the cylinder is symmetrical, the stagnation point is on the 

centerline of the cylinder, as shown in the figure. Bernoulli showed that along a 

streamline, increasing velocity results in decreasing pressure, thus, the forward stagnation 

point is the highest pressure on the cylinder.  

Another of the important concepts shown in Figure 22 is the boundary layer, 

which is defined as the distance from the body surface where the fluid velocity is still 

influenced by the body, the edge of the boundary layer is defined as the location where 

velocity reaches 99% of the magnitude of free stream velocity.  Due to the higher 

pressure at the stagnation point, the flow accelerates under a favorable pressure gradient 

over part of the cylinder surface.  The pressure must eventually reach a minimum, after 

which the flow begins to decelerate due to an adverse pressure gradient.  This pressure 

gradient eventually leads to flow reversal as shown in Figure 23.  The point where the 

boundary layer detaches from the body surface is known as the separation point. The 

region after flow separation is known as the wake region, and the flow is characterized by 

highly variable vortices (highly turbulent flow). 

 

 

Figure 23 Separation Point and Wake [29] 
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The location of this separation point is dependent on a factor known as the 

Reynolds’ number.  The Reynolds’ number is defined by the following equation 

                                                                (2) 

where  is the entry velocity of the fluid,  is the radius of the cylinder, ρ is the fluid 

density and μ is the dynamic viscosity of the fluid. As can be seen in Figure 24, 

separation occurs much earlier in laminar flow ( 200,000) than turbulent flow. 

 

 
 

Figure 24 Laminar vs. Turbulent Boundary Layers [29] 
 
 

Now that these processes are defined, consider the flow over an airfoil.  Airfoils, 

the cross-sectional areas of airplane wings and other blades, are specifically designed to 

use the principles discussed above to create lift under the correct flow conditions. Figure 

25 shows the geometrical parameters of an airfoil, which are defined as follows by 

Pozrikdis [30]: 

Chord line - The straight line connecting the leading edge to the 
trailing edge 
 

Chord, c - The distance from the leading edge to the trailing 
edge 
 

Camber line - The locus of points located halfway between the 
upper and lower   surface of the airfoil 
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Camber - The maximum distance of the camber line from the 
chord line 
 

Thickness - The airfoil thickness along the camber line 

Angle of Attack, α - The angle subtended between the incoming wind and 
the chord line. 

 

 
 

Figure 25 Airfoil Characteristics [29] 
 

Wind Turbine Design Theory 

As stated in the introduction, this study focuses on the design and testing of small-scale 

fixed pitch blades. Aerodynamic design for fixed pitch blades includes the selection of 

airfoils along the blade, the chord length, c, of the airfoil and the angle of twist, θ, from 

the direction of rotation.  These parameters are shown in Figure 26. 

 

 
 

Figure 26 Design Parameters  

Wind 
Direction Direction of Rotation 
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The tip speed ratio must be selected for each specific system. The tip speed ratio 

is the ratio between the rotational velocity at the tip of the blade and the speed of the 

wind entering the turbine. It is defined in Equation 3, as shown below 

U

r
                                                           (3) 

where   is the rotational velocity, r is the radius of the turbine and U is the incoming wind 

velocity.  Depending on the type of wind turbine being designed, different tip speed ratios 

are recommended for maximum performance. This can be seen in Figure 27. The dotted 

line across the top of the figure represents the Betz limit, while the others represent 

maximum predictions for the various types of systems. 

 

 
 

Figure 27 Optimum Tip Speed Ratios for Wind Turbine Systems [11] 
 
 

Once the tip speed ratio is determined, airfoils are chosen for different radial 

points along the blade. This selection is dependent on the relative wind speed at each 
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point along the blade.  Usually, thicker airfoils are used for the hub, and thinner airfoils 

for the tip, due to the higher Reynolds numbers seen at the tip. Additionally, the airfoil 

thickness affects the maximum power produced, as shown in Figure 28, which examines 

power produced vs. tip speed ratio for three different thickness ratios.  The figure shows 

that theoretically a thinner airfoil will produce more power than a thicker airfoil. 

 

 
 

Figure 28 Airfoil Thickness Optimization [26] 

 
 

To determine the relative wind speed at a location along the blade, velocity 

triangles must be used.  Velocity triangles combine the rotational velocity of the blade     

( ) with the free stream velocity of the air column (U) to determine a relative velocity 

(Urel).  This is represented in Figure 29.   

 
Figure 29 Velocity Triangle 

U


Urel
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The rotational velocity will increase as one moves from the hub to the tip of the 

blade, changing the relative velocity and the associated angles.  Each airfoil selected has 

an optimum angle of attack. For optimal aerodynamic performance of the wind turbine, 

the angle of twist must be selected so that the airfoil is always at its optimal angle of 

attack moving from hub to tip when the blade rotates at the design tip speed ratio. This 

optimal angle of attack would be determined using a graph, such as Figure 30.   

 
 
Figure 30 Data for S818, S825 and S826 airfoils (a) Lift and Drag Coefficients vs. α  
(b) Lift/Drag Ratio vs. α [16] 

(a)

(b)
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Figure 30 (a) shows that the lift generated increases with angle of attack up to a stall 

point, but drag is also increased. Figure 30 (b) shows the L/D vs. angle of attack, an angle 

where L/D is maximized would be optimum for blade design 

Blade Element Method 

Once the blade is designed, Blade Element Method (BEM) is used to predict the 

blade performance. BEM consists of dividing a designed wind turbine blade into discrete, 

constant lift elements, as shown in Figure 31. Then, the airfoil data is used to calculate 

the lift and drag over each element. The inputs for this technique are: angle of attack for 

each segment, chord length, and the lift-drag curve for the airfoil used on each segment. 

 
 

Figure 31 A Generic Blade Segment Used in Blade Element Method [30] 
 
 

These forces are then numerically integrated under design conditions to determine 

the total torque produced by the system. This torque value then can be used for a 

theoretical prediction of power.  This method makes the assumption that there is no three-

dimensional flow along the span of the blade. A MATLAB code was written and used to 

apply BEM to specific blade designs. This is included as Appendix B. 

  



36 
 

 

 

CHAPTER FOUR 

Experimental Methods 

 
 This chapter covers the experimental methods used for the wind turbine testing 

accomplished in this scope of work. It covers the test equipment needed for both airfoil 

and wind turbine testing, the measurement technique and equipment, and the uncertainty 

of the experimental measurements. 

 

 

Figure 32 Baylor University Subsonic Wind Tunnel 
 

Test Equipment  

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

designed by Engineering Laboratory Design (ELD) Inc and shown in Figure 32.  The 

wind tunnel has a velocity range of 0.1-50 m/s, a turbulence intensity of 0.2% and a 

24x24x48 inch test section. Additionally, the velocity variation over the test section is 

less than +/-1%.  
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Airfoil Test Apparatus  

The airfoil testing was performed using the ELD manufactured force balance 

constructed for the Baylor University Subsonic Wind Tunnel.  This device is shown in 

Figure 33. It consists of an airfoil cut from ADP Spyderfoam® with a 6 inch chord and a 

24 inch span, a mounting rig, and the force balance.  The mounting rig allows for the 

adjustment of angle of attack by a friction screw. 

 

 

Figure 33 S818 Airfoil and Force Balance in Test Section 
 
 
 Turbine Test Rig  

A test apparatus, shown in Figure 34, bolts into the bottom of the wind tunnel and 

centers the turbine nacelle in the wind tunnel test section.  The apparatus built was based 

on a design used in a previous Baylor study [32].  The central cylinder of the test 

apparatus was built to accommodate different types of generators, so that an optimal 

generator could be selected for testing.  The mounting system and tower were produced 

out of steel piping which has been machined and welded to center the nacelle in the wind 

tunnel.  The blade subsystem was produced on a Dimension 768 SST printer, then post-

processed to get the desired surface finish. 
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Figure 34 Test Apparatus 
 
 

The test system is a direct-drive system, the generator is directly driven by the 

blades, no gearbox is used.  A machined aluminum t-mount is attached to the drive shaft 

of the generator with a set-screw.  The blade hub is then fit onto the t-mount and 

sandwiched with a threaded nose cone.  The hub was designed with a dove-tail mount, to 

allow for changing blades, shown in Figure 35.  Several hubs were designed, for two, 

three and four-bladed systems.  

  

 

Figure 35 Dove-tail Hub with Blades 
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As testing was performed on a small-scale system, no generators were available 

that fit the low-rpm, low-torque requirements necessary for performance, therefore, 

several motors were tested to be used as a generator.  The motors selected were: the 

motor from a remote controlled (RC) plane, a Parallax 4 pole stepper motor, and a maxon 

RE-40 DC motor.  These motors were tested with a single set of blades from a previous 

Baylor study [33], to determine which would be best for this system.  These results are 

shown in Figure 36, where the power out of the system is plotted against the wind speed 

in meters/second.   

 

 

Figure 36 Various Generators Tested 
 
 

It can be seen that the RC motor never produces significant power, the stepper 

motor has better performance, but cannot operate over 12 m/s, as it exceeds its maximum 

manufacturer recommended RPM, and the maxon® motor continues to produce 

significant power through the entire range of wind speeds. 

 

 maxon®
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Measurement Equipment and Technique 

Airfoil Testing  

To ensure valid airfoil data, testing was performed at a single angle of attack to 

determine the range of Reynolds numbers where the coefficient of drag of the airfoil is 

independent of flow velocity.  Figure 37 shows the effect of Reynolds number on Cl and 

Cd.  From Figure 37, it can be seen that the lift and drag coefficients are relatively 

independent of flow speed between 100,000 and 150,000.  Detailed testing was 

performed at a Re of 150,396 and is within this range of insensitivity.   

 

Figure 37 S818 Cl and Cd vs. Re for a Nominal Angle of Attack of 1.4O 

 
 
     The detailed testing was performed by adjusting the angle of attack by loosening the 

friction lock, changing the angle, tightening the lock and measuring the angle with a 

torpedo level. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 50,000 100,000 150,000 200,000 250,000

cl
cd

Reynolds Number (Re)

cl cd



41 
 

Turbine Performance Testing  

The desired result with this testing is to find the maximum power output at 

various wind speeds and develop a power curve for the wind turbine system. 

Additionally, RPM was measured, to compare the system behavior with the design 

parameters and validate the design process.  The measurement equipment used to achieve 

these results is summarized in Table 2. 

 
Table 2 Measurement Instruments 

 
Device Model Number Serial Number(s)  

PCL-2A Pressure Transducer PCL-2A 50294 

Clarostat Power Resistor Decade Boxes 240-C Station 7, Station 11 

Newport TrueRMS Supermeter HHM290/N 6000034 

HOTO Stroboscope w/ ET-1 Trigger ESL-20 207161 

 

The wind speed within the test section was measured with the PCL-2A 

differential pressure transducer, and varied using the wind tunnel controls. The test 

system was mounted into the wind tunnel, and the generator was connected to the 

Clarostat Decade Box, to provide a resistive load for the motor.  A Newport TrueRMS 

Supermeter® was connected in parallel with this system, to measure the voltage 

produced.  The voltage and resistance were recorded. These values were then used to 

calculate the power generated by the system using Equation 4. 

 

                                                                 (4) 
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where P is the power generated, V is the voltage measured and R is the resistive load on 

the system.  To compare data taken under different test conditions, overall system 

efficiency, η is used. η is defined in Equation 5. 

                                                                 5  

An example of this data is shown in Figure 38, where the peak power point can be 

seen to occur at a loading of 5 ohms. 

 

 

Figure 38 Power Extracted vs. Loading at 10 mph for 3 Bladed System 
 

     After the experiment was set up, the tunnel frequency was slowly increased with an 

unloaded wind turbine generator until rotation begins, this speed is recorded to determine 

the cut-in speed, the wind speed at which the turbine begins to produce power.  After this, 

the speed is increased to the lowest desired test speed, and the system is allowed to reach 

steady state.  Then, the Clarostat 240-C is used to apply a varying load onto the system.  

Once the system behavior steadies, usually 5 to 10 seconds, the voltage and system RPM 

are recorded.  The voltages measured are then used to calculate what the maximum 
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power produced at that wind speed.  An anomaly in voltage measurements was found.  

When the voltmeter changed scales, it produced a jump in measured voltage.  This 

behavior is shown in Figure 39, which plots the log of resistance and voltage. These 

instabilities appear at resistive loadings of 10, 100 and 1000 ohms.   

 

 
 

Figure 39 maxon® Motor Voltage Curve at 25 mph [33] 
 

However, these are not considered to be significant, as the instabilities occur far 

from the resistance range needed to maximize power output, as all tests achieved max 

power below 10 ohms. 

Once the maximum power is determined, the circuit is opened again, and the 

speed is increased to match the next desired wind speed, and the process is repeated. 

Uncertainty 

     The Kline-McClintock [34] uncertainty technique was used to determine the possible 

error in power measurements.  To provide an uncertainty range, the lowest and highest 

1                     10                   102                                   103                 104                  105 
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highest power output data was used for the calculation.  The uncertainty range in power 

was found to be 0.72%-4.46% with a confidence level of 95%.  The uncertainty range for 

the simplified angle of twist calculations was found to range from 6.29%-9.43% from the 

root to the tip of the blade at 15 mph.  This was calculated at an operating point of 653.3 

rpm and a wind speed of 15.06 mph using the Moffat [35] uncertainty technique and a 

confidence level of 95%. Sample Uncertainty Calculations are included in Appendix C.
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CHAPTER FIVE 

Results 

 
This chapter examines the accuracy of numerically calculated airfoil data, which 

is commonly used for wind turbine design in industry.  The effects of low Reynolds 

number flows are also examined, which is particularly applicable to small-scale wind 

turbine design. Additionally, the effect of blade number and roughness on small-scale 

wind turbine design in low speed wind is investigated. Some of these results were 

presented at the ASME/IGTI TURBO EXPO [36], ASME IMECE [37] and ASME 

ECTC [33] conferences.  Samples of recorded data and data reduction tables are included 

in Appendix D. 

The airfoil used in testing was a NREL S818 airfoil, which is a thick, cambered 

airfoil, designed using an iterative design tool known as the Eppler Code.  This airfoil has 

a design Reynolds number of 2,000,000.  The lift and drag characteristics for an S818 

airfoil, as predicted by the Eppler code, are shown in Figure 40.  As can be seen in the 

figure, the maximum L/D is shown at 9 degrees, this angle represents the optimum 

performance of the blade.  Additionally, the lift is shown as constant after an angle of 11 

degrees.  This is unrealistic, a drop in lift must occur after blade stall.  However, most 

large wind turbines are pitch controlled, and never see stall, so this portion of the data is 

seen as unimportant by the blade designers.  

The S818 Eppler Code data was used to create a blade design for three tip-speed 

ratios of 1, 3 and 7, using the procedure outlined in Chapter 3.  These blades were tested 

using the previously described rig to determine the cut-in speed and the maximum power 
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output at test conditions of 5, 10 and 15 mph. The cut-in speed is the wind speed where 

the turbine begins to rotate, below the cut-in speed, no power is produced 

.  

 
 

Figure 40  Airfoil data for S818, S825 and S826 Airfoils [16] 
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Wind Tunnel Testing of S818 Airfoil 

To verify the Eppler Code, 2-D airfoil testing was performed on a S818 airfoil.  

The lift and drag were measured over a range of angles of attack and the data was used to 

calculate the non-dimensional coefficients of lift and drag (Cl and Cd respectively).  

These results are summarized in Figures 41, 42 and 43. Figure 41 compares the measured 

experimental and predicted Eppler lift coefficient data.  As can be seen, the lift 

coefficient measured was lower than that predicted by Eppler. It can also be seen that 

while the Eppler data never shows a decrease in lift generation, the lift falls off at 10 

degrees for the experimental data.  The difference in lift coefficients is due to the 

different Reynolds numbers, which shows the need for testing to be performed and data 

collected in the flow regimes in which the blades will be operating. 

 

Figure 411 S818 Cl vs. Angle of Attack 
 
 

Figure 42 shows the drag polar.  The maximum L/D is defined by a tangent line 

drawn from the origin. For the experimental data, the maximum L/D occurred a Cl of 

1.36, this corresponds to an angle of attack of 8 degrees. The Eppler code predicted a 

maximum L/D at a Cl of 1.52 and at an angle of attack of 9 degrees. This leads to a 
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different suggested design angle of twist, which could have a significant impact on blade 

performance.   

 

Figure 42 S818 CD vs. CL 

 

 
 

Figure 43 S818 L/D vs. Angle of Attack 
 

Figure 43 shows the experimental data plotted as L/D versus angle of attack.  This 

graph verifies that the design point for the experimental data would be 8 degrees, instead 

of the 9 degrees suggested by the Eppler data, as shown above.  Additionally, the drag is 

underestimated by the Eppler code, leading to higher L/D values.   
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These results suggest that experimental testing at the operating Reynolds numbers 

will be beneficial in small-scale turbine design, as the Eppler code does not accurately 

predict the 2-D performance for these low wind speeds. 

The Effect of Blade Number on Wind Turbine Performance 

As was shown in Figure 27, theoretical analysis suggests that a three-bladed 

system maximizes the power coefficient.  Experimental testing was performed to verify 

this hypothesis, and determine if the extra torque generated by additional blades would 

increase performance in low wind regimes. Two, three and four-bladed hubs were 

constructed and testing was performed to determine the cut-in speeds and power output 

of these systems at 5, 10 and 15 mph.  This testing was performed using blades designed 

with TSRs of 1 and 3 to determine if the tip speed ratio would change the impact of the 

varying blade numbers.  Table 3 shows the cut in speeds for blades designed with a tip 

speed ratio of 3, with two, three and four-bladed systems.  It can be seen that the      

three-bladed system cuts in at the lowest wind speed, practically, this means that the 

three-bladed system will produce more power at lower wind speeds than either the 2 or 4 

bladed systems, i.e. for this design, a three-bladed system is optimal for power 

generation in the 5 mph range. 

 
Table 3 Cut-in Speeds for TSR 3 Smooth Blades 

 
# Blades 2 3 4 

Cut In Speed (mph) 4.97 4.03 4.17 

 
 
However, as shown in Figures 41 and 42, the 4 bladed systems produce more 

power at 10 and 15 mph than the 2 or 3 bladed system, due to the increased torque 
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generation, thus, to maximize power output at 10 mph (the design speed), a four-bladed 

system may be optimal.  To confirm this, an economic analysis must be performed to 

measure if the increase in generated power would be worth the additional cost of a fourth 

blade. 

 

Figure 44 Maximum Power Chart for a TSR of 1 

 

Figure 45 Maximum Power Chart for a TSR of 3 
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The Effect of Roughness on Blade Performance 

In addition to testing the effect of the number of blades and measuring the airfoil 

performance, roughness was investigated to enhance performance.  Tailored roughness 

can improve performance by tripping the flow into turbulent behavior, which delays 

separation and stall in low Reynolds number flows.  Three blade finishes were tested to 

characterize the differing system behavior, as measured by rotational velocity and power 

generated.  They are shown under 20x magnification in Figure 46.  The roughness was 

produced using the printing process on the Dimension printer used for blade construction. 

Each of these finishes was applied to the blades designed with the Eppler Code data for a 

tip speed ratio of 7.   

The tests were performed at the design wind speed of 10 mph.  The RPM and 

power output were measured at different generator loadings, to characterize the different 

performances.  As can be seen in Figure 47, the rotational velocity of the system was 

decreased with increased generator loading.  At a constant wind speed, when the 

rotational velocity decreases, the angles of attack along the blade increase.  Thus, as the 

generator loading was approaching short circuit, each set of blades reached a stall point 

as indicated in the lower RPM.  Eventually, each blade set reached a stalled condition as 

evidenced by the significant drop in RPM seen in Figure 47.  The last loading before the 

blades reached their stall point was defined as the pre-stall loading (PSL).  Additionally, 

the loading at which the most power was extracted from the system was defined as the 

maximum efficiency loading (MEL). It can also be seen from Figure 47 that the ridged 

blades have a less steady rotational velocity, characterized by the jump in rotations per 
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minute at approximately 15 ohms.  It must be noted that all blades showed some unsteady 

characteristics, but the effects were more pronounced in the ridged blades.   

 

 

 
 
Figure 46 Smooth (Top), Axially Ribbed (Middle), and Radially Ridged Blades (Bottom) 
along the Leading Edge at 20X Magnification 
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The unsteady characteristics could be attributed to localized vortex shedding before 

complete stall occurs.  The blade angles of attack at these loadings were calculated using 

BEM at the measured RPM.  

 

 
 

Figure 47 RPM Measurements at 10 MPH 
 
 

     Figures 48 and 49 show the detailed measurements recorded for the smooth 

blade set.  It can clearly be seen in Figure 48 that a peak power occurs at a load of 15 

ohms, and the system reaches stall at approximately 10 ohms.   

     Figure 49 shows the calculated angles of attack along the blade at the three 

characteristic points: the unloaded system, the maximum efficiency loading and the pre-

stall loading.  It can be seen that for the unloaded case, the root of the blades are slightly 

past the experimental two-dimensional stall point of 11 degrees.  At the PSL, however, it 

can be seen that a majority of the blade should be in deep stall.  The high blade angles at 
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the PSL can be explained by the 3-D stall delay caused by rotation which has been 

documented in literature [19][21][22]. 

 

 

Figure 48 Smooth Blades: Power Generated vs. Loading  
 

 

Figure 49 Smooth Blades: Blade Angles at Various Loadings 
 

 
Figures 50 and 51 show the same results for the axially rough blade set.  The 

power extracted from the system can be seen to be less dependent on generator loading, 

but stall still occurs at approximately 10 ohms as shown in Figure 49.  However, the 
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MEL is seen to be closer to the PSL, indicating a more efficient set of blades.  This is 

confirmed by the increase of 13% power output over the smooth blades.  

 

 
 

Figure 50 Axially Rough Blades: Power Generated vs. Loading 
 

 
 

Figure 51 Axially Rough Blades: Blade Angles at Various Loadings 
 
 

Figures 52 and 53 summarize the results for the ridged blades. The jump in power 

generated at 15 ohms corresponds to the increased RPM at that loading as was seen in 

Figure 47. Additionally, it can be seen that the power withdrawn from the system 

PSL 

MEL

Decreasing 
RPM 



56 
 

increases until stall occurs, making the MEL the same as the PSL.  This ridged blade set 

increased power by 126% over the smooth blades.  

 

 
 

Figure 52 Ridged Blades: Power Generated vs. Loading 
 
 

 
 

Figure 53 Ridged Blades: Blade Angles at Various Loadings 
 
 

     It must be noted that, for the conditions tested, while the power output is 

greatly increased by the addition of roughness, the angle of attack along the unloaded 

blade sets remains the same, thus. the aerodynamic operating point is the same (see 

MEL
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Figure 54).  These results indicate that the roughness does not have a significant effect on 

unloaded performance for all configurations tested and that the overall aerodynamic 

shape of the blade is preserved even with the addition of small-scale roughness.  For the 

unloaded (design) condition, a significant portion of the blade is not stalled.  Since there 

is negligible difference in the angles of attack for the configurations tested (i.e. rotational 

velocity is the same), one might conclude that the lift characteristics are unchanged with 

the addition of roughness. 

 

 
 

Figure 54 Angles of Attack along Unloaded Blades 
 
 

     However, the addition of roughness does greatly affect the pre-stall conditions.  

It can be seen in Figure 55 that while the ridged blades do not stall until a much higher 

loading, the rotational velocity at that loading remains high, thus, decreasing the angles of 

attack.  
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Figure 55 Angles of Attack at PSL 
 

Another interesting result is that while the blade sets produce a varying power 

output, each blade set’s maximum efficiency loading occurs at approximately the same 

rotational velocity. This is shown in Figure 56.  

 

 

Figure 56 Angles of Attack and Power Output at MEL 
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It can be postulated that while the system is performing at the same rotational 

velocity, the ridged blades are producing a greater amount of torque at these angles of 

attack, due to delaying separation. Thus, these blades produce a greater power output, 

because the increased torque can overcome the additional generator load and at a TSR of 

7 can produce a power increase of up to 126%.  

These roughness findings led to a study of the difference between adding blades 

and adding roughness as both increase torque.  This testing was performed for a design 

tip speed ratio of 3. Figure 57 and 58 show that the roughness improves performance 

more than adding an additional blade set for either a two or three-bladed turbine.  This 

finding means that without increasing the amount of material needed for the system, one 

can significantly improve performance by using roughness. 

 

 
Figure 57 Comparison Between an Additional Blade and Roughness on a Three-Bladed 
System at a Design TSR of 3 
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Figure 58 Comparison Between an Additional Blade and Roughness on a Two-Bladed 
System at a Design TSR of 3  
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CHAPTER SIX 

Conclusions and Recommendations 

Scope of Work Achieved 

 The experiments performed over the scope of work highlight the need for 

investigation into the aerodynamic flow in small-scale wind turbines. Reliable test rigs 

were developed to test both 2-D airfoil performance and wind tunnel testing of a full 

turbine system. The full turbine system developed used a direct-drive DC motor as a 

generator following the design of many current small-scale wind turbine systems. The 

developed test rigs were then used to test blades designed using the developed procedure. 

Various design methodologies, such as blade number and roughness were addressed and 

quantitatively compared. It was found that roughness had a large effect on blade 

aerodynamic behavior, leading to a power increase of up to 126% at the design wind 

speed of 10 mph. It was also shown that the addition of an extra blade to the turbine 

increased performance by 19.9%-56.9% over the range of wind speeds tested. 

Additionally, a 2-D S818 airfoil was tested and shown to have Reynolds number 

dependent performance, which highlights the need for Reynolds number specific airfoil 

testing for wind turbine design. The shortcomings of numerical simulation software to 

predict airfoil performance was also shown in the comparison between the Eppler code 

and measured data.  
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Recommendations for Future Work 

While these results provide valuable information for the design of small-scale 

wind turbines, further study into the design process should result in an improvement in 

performance. To optimize roughness used, a parametric study of roughness sizes and 

types must be pursued, using CFD as well as experiments. The effect of the roughness 

must be studied on both 2-D and 3-D models, to determine what the dominant effects are. 

The roughness must be tested at the design Reynolds number, to ensure it has a beneficial 

effect in the specific design flow condition. CFD studies of the rotating system will show 

the 3-D effects along the blade, which can then be optimized using either active or 

passive flow tailoring. This study will give insight into the stall delay that is caused by 

the 3-D effects, as well as helping determine which flow control methods might increase 

blade performance.  

As these studies were all performed using one airfoil, further airfoils must be 

studied to ensure optimum airfoil selection. This investigation should include both the 

NREL S822 and S823 blades, specifically designed for small turbines as well as 

alternative Eppler and NACA low Reynolds number designs such as the E387 airfoil. 

Due to the various airfoil geometries, the effect of roughness will vary between these 

airfoils, thus, each airfoil must be tested with a variety of roughness elements. 

Also, these results can be applied to a larger range of design problems, if a valid 

scaling method can be determined. This must address the differences in mass, end effects, 

tip speed ratio and Reynolds number. With this scaling method, the tests run in the 

Baylor Subsonic Wind Tunnel could be applied to MW and kW wind turbine systems as 

well as hydrokinetic power generation methods. 



 63   
 

As the wind turbine must be analyzed as a complete system, the electrical 

components must also be studied.  Generator design must also be examined.  This could 

lead to designed generator-blade sets made for optimum low-speed performance.   

Additionally, the bending moments on the blade must be analyzed, so that the 

blades can be designed to operate at higher rotational velocities.  The blades constructed 

for these studies could not safely operate at wind speeds over 20 mph. This limit is 

caused by concern for blade structural integrity, due to the large centrifugal forces caused 

by blade rotation. 
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APPENDIX A 

Betz Limit Derivation 

 
To derive the Betz Limit, several assumptions must first be made. First, the rotor 

must be idealized as a 1-D permeable disc, refered to as an actuator disc. This disc is 

assumed to impart no rotational velocity to the flow, and is considered to be frictionless. 

Additionally, the flow is assumed to be incompressible, frictionless and stationary. This 

leads to a system as shown in Figure A.1. In this figure, po is the atmospheric pressure, Vo 

represents the initial wind speed, u is the velocity just downwind of the turbine, and u1 is 

the velocity once flow stabilizes downstream of the turbine. ∆p is defined as the pressure 

drop across the rotor, and A is the rotor area. The rotor thrust, T, is defined in the 

following equation: 

 ∆                                                                                  6  

 

Figure A.1 Streamlines, Velocity and Pressure Behavior Upstream and Downstream of 
the Ideal Rotor [38] 
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Due to the conditions described, the Bernoulli equation can be applied from far upstream 

to the upstream side of the turbine, as well as just downstream of the rotor to far 

downstream, this allows the following relationships to be determined, where p is the 

pressure just upstream of the rotor: 

 
1
2

 
1
2

                                                                   7  

 

∆
1
2

  
1
2

                                                             8  

Which can be combined to show 

∆   
1
2

                                                                        9  

Then, a cylindrical control volume is applied to the system, as shown in Figure A.2, 

where is the flow out of the side of the control volume, Al is the flow out of the 

stream tube and Acv is the cross-sectional area of the control volume. 

 

Figure A.2 Control Volume Applied to Rotor [35] 
 
 
Applying the axial momentum equation to this control volume, and simplifying using the 

known assumptions, it can be found that 

                              10  



67 
 

 

which can be combined with conservation of mass in the control volume to yield the 

following equations: 

                                                               11  

                                                                    12  

Combining Equations 9, 10 and 11,  

                                                       13  

This can be combined with Equation 6 and 8 to show 

1
2

                                                                          14  

Now, an alternative control volume must be applied to the system, along the stream tube, 

this is shown in Figure A.3, where p(x) is the pressure distribution exerted on this control 

volume. 

 

Figure A.3 Alternative Control Volume [35] 
 
 
p(x) is not known, however, but can be integrated to an unknown force Fpres. Thus, the axial 

momentum equation becomes 

                                                        15  



68 
 

But, when Equation 13 and 15 are compared, it can be seen that Fpres is zero. Now that 

this is known, the integral energy equation can be applied to the control volume in Figure 

59 to show that the power extracted by the actuator disc, P, is 

1
2

1
2

                                                        16  

Now, a new factor must be introduced, the axial induction factor, a, which is defined as 

the reduction in velocity from free stream velocity to the velocity behind the turbine, as 

shown in Equation 17 

1                                                                      17  

This can be combined with Equation 14 to show 

1 2                                                                      18  

Incorporating Equations 12 and 18 into Equation 14, it can be shown that 

2 1                                                          19  

Now, the available power in a cross section equal to the rotor area is defined as 

1
2

                                                                   20  

Defining the power coefficient, Cp, as the power out of the system divided by the power 

available, it can be seen that 

                                                                         21  

Which simplifies with Equations 19 and 20 to 

 4 1                                                                   22  

Now that Cp is defined solely in terms of a, it can be differentiated, and a maximum value 

found. The maximum value is found at a=1/3, and gives a maximum power coefficient of 

59.3%.  
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It must be noted that the assumptions made to solve for the Betz limit are not 

valid in real world conditions. In fact, it has been argued by Gorban et al. that the limit is 

30.1% when curvilinear flow is included in the analysis [39]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 
 

 

APPENDIX B 
 

Blade Element Method Equations and Matlab Code 
 

Methodology 

Blade Element Method is the technique where a designed wind turbine blade is 

divided into a series of 2-D airfoils, and then numerically integrated. First, the design 

parameters of the blade must be known, along with the operating rotational velocity Ω. 

Then, the blade is divided into segments, as shown in Figure B.1. 

 
Figure B.1 Blade Segment used in Blade Element Method [30] 

 

Each segment chosen is considered to have constant behavior, the segment 

location (y), width (dy), chord (c), characteristic angle of twist (θp), and airfoil profile 

must be known. Then, the angle of attack (α) must be determined. This is done by the 

following equation. 
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arctan
 Ω

                                                        23  

Once the angle of attack is calculated, the lift and drag coefficients for the design 

airfoils can be found, usually from experimental or theoretical curves, as included in 

Figure B.2. 

 
 

Figure B.2  Airfoil data for S818, S825 and S826 Airfoils [16] 
 

 After finding the coefficients, the following equation can be used to find the 

differential torque (dQ) which is defined as follows [40] 

1
2

sin arctan
 Ω

cos arctan
 Ω

           24  
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where B is the number of blades, ρ is the air density, Urel is the relative velocity of air 

with respect to the rotating blade, Cl is the coefficient of lift, Cd is the coefficient of drag, 

and U is the absolute air velocity entering the rotor. The differential torque can then be 

integrated to find the torque contribution by this blade segment. 

1
2

                                                                             25  

This process is then repeated for each segment along the blade, which can be summed to 

find the total torque generated (Qtot). Power (P) can then be solved for by multiplying the 

torque generated with the rotational velocity of the system. 

 Ω                                                                           26  

This process assumes no spanwise flow on the airfoil, which as shown in Chapter 2, is an 

invalid assumption, but can be used as a benchmark for the system design. This 

methodology was then applied using Matlab, for faster and more accurate 

approximations. This code is included below. 

Matlab Files and Procedure 

 The BEM.m file contains the procedure outlined above for a single segment, 

while the TorqCalc.m file iterates this process and produces an output for an entire 

turbine. A sample input file is included as TorqueCalc_Input.m. 

 To use this system, the input file must be run first. The input file must include r1 

and r2 vectors containing the start and end points of each segment respectively. 

Additionally, it must contain a vector thPv which has the characteristic angle of twist for 

each segment, and cv, containing the chords for each segment. The rpm, freestream 

velocity and Cl and Cd curves defined in degrees must also be included. 
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Once the input file has been run, the TorqCalc.m file can be accessed to calculate 

the . This file will call on the BEM function to determine the power and torque produced. 

TorqCalc_Input.m                              
 
%TorqCalc Input 
  
r1v = [.024 .04 .06 .08 .1 .12 .14 .16 .18 ]; 
r2v = [.04 .06 .08 .1 .12 .14 .16 .18 .2] ; 
cv = .0381* ones(1,length(r1v)); 
thPv= [1.1935 1.076 0.9664 0.8664 0.7765 0.6965 0.6256 0.5631 
0.5079]+2*pi/180; 
rpm = 667; 
U = 11.176; 
y=.1*(n+5); 
Clvec = [y 1.6*ones(1,size(b,2))]; 
Cdvec= [0.0090 .00925 .0095 .0095 .00975 .00975 .00975 .01 .01 ... 
    .0105 .01075 .011 .0115 .012 .013 .022 .025 .027 .03 .034 ... 
    .05];   
 
TorqCalc.m                               
 
%TorqCalc 
%   Script to calculate torque and power of a Wind Turbine 
%   Wind conditions and blade characteristics are defined in a separate 
input script 
  
%% Inputs Describing blade and Wind Conditions 
%run input script! 
%% Calculating... 
  
totalQ = 0; 
totalPwr=0; 
  
%This is an iterative loop to calculate the total torque on all 
sections of the blades.  It automatically scales to any inputs, and 
references the individual Blade Element Function 
for n=1:min([length(r1v);length(r2v);length(thPv);length(cv)]) 
r1 = r1v(n); 
r2 = r2v(n); 
c = cv(n); 
thP = thPv(n); 
     
[Re(n) Q(n) Pwr(n) alpha(n)] = BEM(r1,r2,thP,c,rpm,U,Clvec,Cdvec); 
totalQ = totalQ+Q(n); 
totalPwr = totalPwr+Pwr(n); 
end 
fprintf('\nTotal Torque generated by three blades: %f N-m\n', totalQ) 
  
fprintf('Total Power generated by three blades: %f Watts\n', totalPwr) 
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BEM.m                                   
 
function [Re Q Pwr alpha] = BEM(r1,r2,thP,c,rpm,U,Clvec,Cdvec) 
% Blade element moment function. [Q Pwr] = 
BEM(r1,r2,thP,c,rpm,U,Clvec,Cdvec) 
% r1= distance section starts from motor axis. In meters. 
% r2 = distance section ends from motor axis. In meters. 
% thP = pitch of blade section relative to direction of rotation 
(radians) 
% c = airfoil chord length 
% rpm = motor rpm 
% U = wind speed. 
% Clvec = Vector describing the lift coefficient corresponding to  -5 
to 15 degree angle of attack.  
% Cdvec = Vector describing the lift coefficient corresponding to -5 to 
15 degree angle of attack.  
% For Clvec and Cdvec, element 1 corresponds to coef at -5 deg, element 
2 corresponds to -4 deg, and so on. 
% Returns Q = torque and Pwr = mechanical power 
  
%% Constants 
B = 3;  % # of blades 
rho = 1.2;  % air density 
r = (r1+r2)/2; 
wdth = r2-r1; 
mu=1.78*10^-5 %kg/(m·s),  
  
%% Phi, Urel, alpha 
w=rpm*2*pi/60; 
phi = atan2(U,(r*w)); 
Ur=sqrt(U^2+(r*w)^2); %Ur is the relative wind speed seen by the blades 
alpha = phi-thP; % alpha is the angle of attack 
  
%This is the interpolation subsection to find the different 
coefficients of lift and drag 
index = alpha*180/pi; 
alpha; 
t1 = Clvec(floor(index)+5); 
t2 = Clvec(ceil(index)+5); 
  
Cl  =  ((t2-t1)*(index-floor(index)))+t1  % coefficient of lift,  
  
t1 = Cdvec(floor(index)+5); 
t2 = Cdvec(ceil(index)+5); 
             
Cd  =((t2-t1)*(index-floor(index)))+t1 %coefficient of drag 
  
%% Torque Calculation 
dQ = B*1/2*rho*(Ur^2)*(Cl*sin(phi)-Cd*cos(phi))*c*r; %From Manwell 2009 
Q = 1/2*dQ*wdth ;   %in Nm, the integral of dQ assuming constant blade 
characteristics 
Re=rho*Ur*c/mu; 
Pwr = Q*w;%Power is torque times rotational velocity 
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APPENDIX C 
 

Uncertainty Calculations and Result 
 

Table C.1 Sample Uncertainty Calculations for Power Readings 

 
 
 

  



76 
 

Table C.2 Sample Velocity Uncertainty Calculations  
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Table C.3 Sample Angle of Attack Uncertainty Calculations 
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APPENDIX D 
 

Sample Test Data 
 

 
 

  

Table D.1 Sample Wind Turbine Test Data 
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Table D.2 Sample Data Reduction Table for Wind Turbine Testing 
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Table D.3  Sample Airfoil Test Data  
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Table D.4 Sample Airfoil Data Reduction 
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