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ABSTRACT 
Wind turbines are leading the generation of renewable 

energy. A long overlooked category of wind turbines is the 
small-scale wind turbine, the majority of which are horizontal 
axis wind turbines (HAWTs). New construction of buildings 
in cities are requiring some portion of the electrical power 
consumed by the building be generated by the building itself. 
In addition, an important topic of interest in the urban 
environment is the generation of noise. This paper describes 
the recent rise in the use of small-scale wind turbines and 
discusses the design of HAWTs for the urban environment. 
Also presented in this paper is the development and initial 
validation of a small-scale HAWT test stand for use in a small 
(0.61m X 0.61m cross-section) university research wind 
tunnel. This testing process can help with the design of new 
urban wind turbines by being able to use both geometric and 
Reynolds number scaling. The test stand developed can also 
study wind turbine noise and lead to modifications of the wind 
turbine blades to minimize noise production while at the same 
time seeking to optimize power output.  Keywords: small-
scale wind turbine, urban wind turbine, low Reynolds number 
wind turbine, and wind turbine noise. 

INTRODUCTION 
World population has reached over 7 billion people.  

Approximately 6 billion of these people live in developing 
countries, with nearly 84% living in rural areas. The United 
Nations projects the world population to grow to 9.7 billion 
people by the year 2050 [1].   In 2013, over 1.2 billion people, 
approximately 17% of the world’s population, did not have 
access to electricity.  World energy consumption is forecast to 
increase by 33% between 2013 and 2040 [2].  It is important 
that an adequate supply of energy be available for economic, 
cultural, and societal development.  A vital component for 
providing a sustainable energy supply is wind energy.  Wind 
Energy is the fastest growing renewable energy source, 
growing at approximately 2.9% per year.  In fact, wind energy 
is responsible for 33% of the recent increase in renewable 
energy [3].  Wind energy grew substantially in 2015 [4].  New 

installations exceeded 63 GW, a 22% increase from 2014.  
This brings the total wind power worldwide to 433 GW.  Wind 
power provided more new power generation in 2015 than any 
other technology.  Currently more than 80 countries have wind 
energy with eight having more than 10 GW.  In 2015, China 
led the way adding 30.8 GW (145 GW total), the United States 
was second adding 8.6 GW (76 GW total), and Germany was 
third with 3.78 GW added (45 GW total).  Factors leading to 
these trends are the low cost of energy prices and continued 
favourable economic policies by countries towards adding 
new wind projects.   

A category of wind energy often overlooked is that of 
small-scale wind turbines.  The definition of small-scale can 
vary depending on geographic location [5-9].  Many 
definitions use rated power with the American Wind Energy 
Association defining any wind turbine producing less than 100 
kW as small.  Some use diameter and still others, such as the 
International Electrotechnical Commission, use a rotor swept 
area of 200 m2, which equates to approximately 50 kW.  Of 
particular interest to many applications are the small-scale 
wind turbine sub-categories of small, 0-1.5 kW, and micro, 1.5 
kW–50 kW.  Small-scale wind turbines saw 806,000 
registered turbines worldwide in 2015 [5].  This category is 
forecast to grow at 20% per year to the year 2020.  The growth 
is predominantly in China (72% of the installed market, 40% 
of capacity), the United States (18% of the installed market, 
30 % of capacity), and the United Kingdom (3% of the 
installed market, 15% of capacity).  Small wind is a cost 
effective way of generating electricity on the local level, both 
in remote settings as well as in conjunction with a national 
grid.   

Small wind turbines work well as part of a grid network.  
Distributed wind is defined by the project’s location relative 
to the end-use and power distribution infrastructure rather than 
the turbine or project size [10].  In the United States, 49% 
(capacity basis) of the documented 2015 distributed wind 
projects were connected to distribution lines serving local 
loads [10].  Using a distributed grid has its advantages.  Micro-
grids allow small communities to support themselves by 
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securing “island” micro-grids that can be disconnected from 
the main grid [11].  This makes micro-grids less susceptible to 
cyber or terrorist attack.  Much needs to be done to develop 
these micro-grids, along with associated storage capabilities, 
to further enhance their potential.  In the end, micro-grids 
provide less risk and a stronger, stable, and safer energy 
portfolio.  This is an ideal scenario for urban wind turbines.  
Cities tend to consume 75% of all generated power [12] so it 
is only natural to generate power where people live.  Buildings 
can be used to generate electricity with the goal of being a net 
zero energy building [13].  Countries such as France and 
Germany mandate incorporation of renewable energy 
production into new building construction.  France and 
Sweden will have ‘net zero energy’ in all new buildings by 
2020 [14].  Companies such as Aerotecture International Inc. 
design wind turbines specifically for the urban setting to be 
used on flat rooftops [15].  Micro-turbines lend themselves to 
clustering for increased power production in urban settings 
[16].   

This paper will focus on understanding, designing, and 
testing of small-scale horizontal axis wind turbines for the 
urban environment.  It is important to determine the correct 
performance of the wind turbine system model in order to both 
geometrically scale the wind turbine and to determine its 
predicted performance using Reynolds matching.  Selection of 
an appropriate airfoil is essential for improved performance.  
The selection process for the airfoils, the design and 
fabrication of the blades, and the testing of the small-scale 
wind turbine system in a wind tunnel are discussed.  A wind 
turbine test stand is developed to enable this testing of the 
wind turbine system in a small wind tunnel.  The urban wind 
turbine will typically operate in a low Reynolds number 
environment so special care is given to the experimental 
testing which results in a wind turbine that will operate 
efficiently and quietly in the urban environment.   
 
Urban Wind Turbines 

A major advantage of small-scale wind turbines is the 
ability to produce power near the demand. Work is being done 
to harness the wind in major cities and convert this wind to 
electrical power [17]. As stated previously, cities consume an 
estimated 75% of all generated power [12]. Many suburban 
and residential areas do not have buildings at a sufficient 
height for meaningful energy production, but, in a larger city, 
skyscrapers can be used for energy production [18]. While the 
amount of energy that can be produced in an urban 
environment is much lower than that of open rural areas, it is 
still better to produce some power than no power at all [19]. 
Several studies have assessed the wind resources available on 
top of buildings and in densely packed urban environments 
[18, 20-22]. The main concern for an urban application when 
using a horizontal axis wind turbine is the variability of the 
flow direction and turbulence generated the surroundings. 
Surrounding structures can mix the flow, therefore, causing a 
challenging environment for the turbine. Studies have been 
done to estimate the potential for wind power in different 
urban environments and examining how the immediate and 
surrounding topography would affect the performance of a 
HAWT [23-25]. Some work has been done to design urban 

buildings for wind turbines and to enhance energy production 
[26]. By adding a wind turbine to a building or adding a 
building wind capture device for a turbine, the power density 
can be increased 3-8 times [27]. An example of using 
accelerated and captured flow with a building design is seen 
in Fig. 1. Assessing the potential of a specific turbine in an 
environment is also of major importance to determining the 
feasibility of wind power generation. Walker and Simic et al. 
both show that it is not the rated power but the power curve 
that defines the potential power generation [23, 29]. Due to the 
relatively low wind speeds in most urban environments, the 
cut-in speed and the rate at which the turbine reaches its 
maximum power potential are what will make a turbine 
feasible in an urban environment.  

A major concern of wind turbines in urban environments 
is the noise produced [22]. While noise generation for large 
scale wind turbines and wind farms have been studied, these 
studies have not addressed small-scale turbines in the urban 
environment. With large turbines being removed from most 
residential areas, the noise levels for these large wind turbines 
are not of much concern. However, in a city or suburban 
neighborhood, the noise generated by a turbine can be 
substantial because of the higher RPMs required and, 
therefore, an annoyance. While some cities in the United 
States and smaller countries, such as New Zealand, have noise 
standards, there is no set standard across major borders or 
from different wind power associations as to what is an 
acceptable noise level. New Zealand, for example, states that 
the sound level at the boundary of any residential site must not 
exceed 40 dB or the background noise plus 5 dB [30]. When 
designing a wind turbine for the urban environment, noise 
generation must be a topic of interest. Design parameters 
include, and are not limited to, airfoil selection, rotational 
speed, tip speed ratio and tip designs. By addressing these and 
other parameters, an efficient and quiet urban wind turbine can 
be designed.  
 

 
 

Figure 1. Urban Wind Turbine Design [28] 
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Types of Noise 
The noise produced by an airfoil is widely recognized 

with six categories as defined by Brooks et al. [31]. These 
categories are further discussed by Wagner et al. [32] and are 
the categories used by the National Renewable Energy 
Laboratory (NREL) AirFoil Noise (NAFNoise) prediction 
tool [33]. These categories can be seen in Fig. 2.  The six wind 
turbine noise categories are described by Van Treuren [34] 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 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.   

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. 

 
Airfoil Aerodynamics and Aeroacoustics 

From previous studies done by Van Treuren and Hays 
[35, 36], airfoil selection is of utmost importance in the design 
of a small wind turbine when considering power production 
and noise generation. Other studies by Wisniewski et al. and 
Goҫmen et al. further confirm that careful airfoil selection and 
design can make a significant difference in noise generation 
[37, 38]. From these studies, it was demonstrated airfoils with 

a thinner profile and increased camber can lower the noise 
generated by the airfoil.  

Another factor of major importance with small-scale wind 
turbines is the low Reynolds numbers that occur over the 
blades. Due to slower wind speeds, approximately 5 m/s or 
less, coupled with smaller chord lengths, the Reynolds 
numbers are typically below 200,000. While there are several 
large databases of airfoils, such as the University of Illinois 
Urbana-Champaign [39], experimental data for low Reynolds 
number flows is very limited. Computational codes, such as 
XFOIL [40], exist and can provide accurate results for 
Reynolds numbers above 200,000. These codes do not 
accurately predict airfoil performance at lower Reynolds due 
to low momentum flow where separation can, and does occur.  
Experimental wind tunnel testing of airfoils at low Reynolds 
numbers is often necessary to accurately predict the 
aerodynamic performance. Previous studies by Van Treuren 
and Burdett et al. show that experimental testing is needed and 
the data can vary from computational predictions. Some of 
their results can be seen in Fig. 3 [41, 42]. 

With accurate, experimental aerodynamic data, a wind 
turbine blade can be designed for optimum power production 

 
Figure 2.  Types of Aeroacoustic Noise [31] 
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based on the angle of attack for L/DMAX of the airfoil selected. 
L/DMAX is the angle which produces the most lift for the least 
amount of drag.  This is where the most power will be 
produced. The L/DMAX vs angle of attack curve shape is also 
very important for wind turbine design. A sharp peak implies 
that at an off-design operating condition near the design angle 
of attack, a loss of power production will occur. A plateaued 
or rounded peak shows that at an off-design operating 
condition, the losses will not be as significant. A comparison 
of these two types of curves is shown in Fig. 4. With an airfoil 
and an angle of attack chosen, a wind turbine blade can be 
designed.  

Blade element momentum theory (BEMT) is commonly 
used to optimize a wind turbine blade for a specific tip speed 

ratio (TSR) based on airfoil data and a desired chord length. A 
common TSR, and the one used for these tests, is five. With a 
blade designed, it can now be manufactured for testing. The 
blades used in these tests were fabricated with a rapid 
prototyping machine, an Objet 30 3-D printer. For the current 
study, each blade was printed individually with a dovetail 
attachment, which can be seen in Fig. 5. This allows for a 
method of rapidly changing blades for testing different 
configurations. With each blade manufactured, a hub and 
spinner were also printed to complete the wind turbine rotor.  
The airfoil chosen for previous studies by Burdett and used in 
these tests is the NREL S823 [43]. This airfoil is an NREL 
airfoil designed for low Reynolds number flow and used on 
small-scale wind turbines. The airfoil can be seen in Fig. 6.  A 
wind turbine blade made from this airfoil using BEMT can be 
seen in Fig. 7.  
 
Tip Treatments 

As mentioned previously, tip vortices are a source of 
noise, and, due to the high rotational speeds of small wind 
turbines, this noise can be significant. Studies on small UAS 
propellers show that tip treatments on the blades significantly 
lower the noise signature of the propellers [37, 44]. While 
wind turbines are a different application, the aerodynamic 
principles remain the same and show promise for future small-
scale wind turbines. All results presented in this paper were 
found using a square blade tip.  Future studies will examine 
noise improvements by modifying the wind turbine blade tips.   
 

 
 

Figure 3. Eppler 387 Coefficient of (a) Lift and (b) 
Drag at a Reynolds Number of 100,000 [41, 42] 
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Figure 4. Lift to Drag Curves Compared [40] 

 

 
 

Figure 5. Dovetail Attachments 

 
Figure 6. NREL S823 Airfoil [43] 

 
 

Figure 7. Wind Turbine Blade 
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Development and Testing of a Wind Turbine Test 
Stand 
 
Wind Tunnel 

The wind turbine test stand was designed for use in the 
Baylor University (BU) Subsonic Wind Tunnel, seen in Fig. 

8. The wind tunnel 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 (112 mph). The test section is 122 cm (48 in.) long with a 
61 cm (24 in.) square cross section. With this test section, a 
50.8 cm (20 in.) diameter wind turbine has been designed and 
tested. The turbine stand is centered in the tunnel test section 
and the plane of rotation is 40 cm (15.75 in.) from the test 
section entrance. The wind turbine experimental setup can be 
seen in Fig 9. 
     The cross-sectional area of the BU Subsonic Wind Tunnel 
test section is 0.372 m2

 (4 ft2), and the rotor swept area of the 
turbine is 0.196 m2 (2.113 ft2), creating a blockage ratio of 
52.8%. While this ratio is very high, previous work by Van 
Treuren and Burdett have validated testing small wind 
turbines of this size in the BU Subsonic Wind Tunnel [45]. 
Using the method described by Chen and Liou [46], they 
tested three wind turbines with different diameters, 0.5 m, 0.4 
m, and 0.3 m with blockage ratios of 52.8%, 33.8%, and 
19.0%, in the BU Subsonic Wind Tunnel, scaled both for 
Reynolds number and geometry.  They showed that scaling 
and testing of wind turbines can be successfully accomplished 
in small wind tunnels, even with blockage ratios up to 52.8%. 
 
Equipment and Calibration 

A wind turbine test stand was developed to measure 
turbine rotor performance.  The wind turbine rotor was 
connected to a Re-40 Maxon motor that was used as a 
generator. This generator is a graphite brushed motor with a 
power rating of 150 watts and a maximum efficiency of 92%. 
The horizontal thrust of the turbine was measured by an 
Interface LSP-1 thrust transducer. While thrust is measured 
and can be related to variables such as the axial induction 
factor, it is not used in the present analysis. The torque was 
measured by an Interface MRTP-0.2 Nm torque transducer. 
The torque value measured was used to calculate power 
production, one of three power calculation methods. These 
two transducers are seen in Fig. 10. The RPM of the turbine 
was measured with an Omega HHT20 optical tachometer, also 
seen in Fig. 10. The resistance load for the turbine was applied 
with a Clarostat Power Resistor Decade box. The voltage 
output of the generator was measured by a Newport TrueRMS 
voltmeter. With the resistance and voltage, a current value was 
calculated based on Ohm’s Law. Using current and the 
manufacturer’s torque constant for the generator, it is possible 
to calculate turbine power. This is a second method of finding 
the power generated.  A third method is to calculate the actual 
power out of the system using the voltage and resistance.  The 
velocity in the tunnel was measured by a pitot-static probe, 
which was attached to an Omega PCL-2A Differential 
Pressure Transducer. The velocity is needed to calculate the 
coefficient of power, Cp, of the wind turbine. The noise in the 
tunnel was measured by a Brüel & Kjaer Type 2670 ¼” 
microphone connected to a B&K 2270 Frequency Analyzer, 
seen in Fig. 11.  

The transducers were connected to a National Instruments 
Compact DAQ system utilizing an NI 9205 DAQ-Card. With 
this system connected to a computer, the transducers were then 

 
 

Figure 8. Baylor Subsonic Wind Tunnel 

 
 

Figure 9. Wind Turbine Experimental Setup 

 
 

Figure 10. Load Transducer (a), Torque Transducer (b) 
and Optical Tachometer (c) 
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read with a LabVIEW Virtual Instrument (VI).  Sample rates 
were 5k Hz for five seconds. 

Calibration of the thrust and torque transducers required 
a series of weights to be hung and the output voltages 
measured. The calibration of the thrust transducer can be seen 
in Fig. 12. The calibration of the torque transducer can be seen 
in Fig. 13. The calibration procedure for the Omega optical 
tachometer required the use of an ESL-20 Digital 
Stroboscope.  The wind tunnel was run at different speeds and 
the RPM was measured using the stroboscope. The ¼” Brüel 
and Kjaer microphone used a Brüel and Kjaer Sound 
Calibrator.  
 
Uncertainty Analysis 

The Kline and McClintock method of uncertainty analysis 
was used to calculate the uncertainties in these experiments 
[47]. For all SPL measurements, the rated uncertainty of the 
B&K system is ±1.5 dB(A). For each set of CP calculations, 
there was a different uncertainty value based on the 
calculation method for the coefficient. The torque transducer 
calculation of CP had a total uncertainty of ±0.0272. The 
torque constant calculation of CP had a total uncertainty of 
±0.0147. The voltmeter calculation of CP had a total 
uncertainty of ±0.0122. The uncertainty of the PCL-2A is 
±0.0028 inches of water leading to an uncertainty in the 
velocity measured of ±0.00143 m/s. These results represent a 
sample calculation of the uncertainty at the maximum power 
point (MPP) with the tunnel speed at 5.59 m/s (12.5 mph).  
 
Experimental Procedure 

To begin testing, the wind turbine was inserted in to the 
tunnel along with the B&K microphone, which was set 31.75 
cm (12.5 in.) downstream of the blades. This setup can be seen 
in Figure 14. The tunnel was run at 2.24, 3.35, 4.47, 5.59 and 
6.71 m/s (5, 7.5, 10, 12.5, and 15 mph). Starting at 2.24 m/s (5 
mph) and a resistance of 99 Ω, the resistance was reduced 
incrementally until the turbine stalled to find the MPP. When 
this was completed, the testing was repeated for each of the 
test speeds. A typical plot of Cp vs resistance can be seen in 
Fig. 15.  Clearly from this plot, a MPP can be found for the 
given wind speed of 5.59 m/s (12.5 mph). 

Once the MPP was found for each wind speed, the noise 
testing began. The B&K microphone was positioned 31.75 cm 
(12.5 in.) downstream of the blades and 2.5 cm (1 in.) above 
the tip of the turbine blade. Using the traverse system seen in 
Fig. 14, the microphone was moved downward towards the 
tunnel centreline. These noise measurements were completed 
for each wind speed. 

Once noise testing was concluded, background noise was 
needed to correct the noise measurements of the wind turbine. 
To complete these tests, the turbine was taken out of the 
tunnel, and a clean floor was put in the test section. With this 
setup, the tunnel was empty except for the B&K microphone, 
which was then traversed to the same locations as the previous 
tests for each wind speed. With the background noise, a 
corrected A-weighted decibel level could be calculated. This 
calculation can be done using Eq. 1, seen below [48].  

 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 10 ∗ (log10(10
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

10 − 10
𝐶𝐶𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

10 ))    (1) 
 

 
 

Figure 11. Brüel & Kjaer Microphone and Analyzer 

 
 

Figure 12. Thrust Calibration 
 

 
 

Figure 13. Torque Calibration 
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Results 
Figure 15 shows the coefficient of power versus 

resistance at 5.59 m/s (12.5 mph) for the three different 
measurement methods. The first calculates the power from the 
voltage and resistance measurements, the second calculates 
the power using the manufacturer supplied torque constant, 
and the third uses the torque measurement to calculate wind 
turbine power directly.  From this graph, it is very evident that 
the change in resistance leads to a much higher coefficient of 
power, and, therefore, a higher power output. For the torque 
transducer this value was 21.1% Cp for a resistance of 7 Ω.  
Measuring the MPP shows that optimization for a desired 
wind speed is possible to produce maximum power.  

Figure 16 shows the coefficient of power versus tip speed 
ratio for 5.59 m/s (12.5 mph). The wind turbine blades used in 
this test were optimized for a TSR of five, which can be clearly 
seen in the plot. The off-design TSRs show how much power 
loss can occur when operating off-design.  

Figure 17 shows the coefficient of power versus wind 
speed, at the maximum power points. In this plot, as the wind 
speed increases, the coefficient of power increases as well.   

With all three plots, it is very evident that for the three 
measurement methods, the voltmeter, the torque constant, and 
the torque transducer, all show similar results when 
calculating the coefficient of power. The voltmeter is 
consistently the lowest measurement because this takes in to 
account all the system losses. The generator is connected to 
the decade box, as is the voltmeter. The electrical losses of the 
generator, the decade box and the wires connecting these 
devices leads to a loss of power. The torque constant method 
depends on the manufacturer’s data and is usually the center 
data value close to the torque transducer.  The current used to 

make the calculation of power with the torque constant is 
calculated from the voltage provided by the voltmeter. Again, 
taking into account the system losses, the calculated current 
can be lower, therefore, slightly lowering the CP value when 
using the torque constant to calculate the coefficient of power. 
The torque transducer provides the highest Cp measurement 
because this value does not account for any of 

 
 

Figure 14. Wind Tunnel Test Section 
 

 
 

Figure 15. Coefficient of Power vs. Resistance at 5.59 
m/s (12.5 mph) 
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Figure 16. Coefficient of Power vs. Tip Speed Ratio at 
5.59 (12.5 mph) 
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Figure 17. Coefficient of Power vs. Wind Speed 
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the electrical system losses. This measurement is of the 
mechanical and aerodynamic power production of the wind 
turbine blades. 

Figure 18 shows the vertical location versus the corrected, 
A-weighted Sound Pressure Level (SPL) for 5.59 and 6.71 m/s 
(12.5 and 15 mph).  The A-weighted SPL is the sound 
measurement that is the more common as it closely matches 
the human ear. The vertical lines represent the tunnel 
background noise for each wind speed.  The zero on the 
vertical axis is the center of the turbine hub. The main trend 
from this graph is that the noise increases at the tips, and then 
decreases when moving towards the hub. The tips create more 
noise, almost 83 dB (A) for the 6.71 m/s case, due to the high 
tip speeds and the vortices that this produces. The slower 
relative speeds down the span of the blade result in the lower 
noise signatures. Near the hub, the interactions with the 
spinner, the generator, and the transducers increases the noise. 
Once away from the hub, the SPL again drops to the lower 
levels. The slight increase below the hub is a result of the flow 
interacting with the wind turbine supporting post. The higher 
wind speeds at 6.71 m/s (15 mph) lead to the increase in noise 
generation, as expected. Tests at the lower wind speeds of 
2.24, 3.35, and 4.47 m/s (5, 7.5, and 10 mph) did not produce 
meaningful SPL results. The background noise correction 
equation, Eq. 1, is no longer valid when the two noise 
measurements are within 3 dB(A). The noise produced by the 
turbine at the two lower wind speeds did not yield noise 
signatures that were noticeably different from the background 
noise in the tunnel. It is expected that the lower wind speeds 
will produce higher noise at the tips and the hub, and then 
lower noise signatures along the central parts of the blade as 
is seen with the higher wind speeds. 
 
Lessons Learned 

The development and testing of this wind turbine stand 
has proven to be very useful for testing of small-scale wind 
turbine blades. While the stand is functional, some challenges 
have arisen while testing. An unusually high percentage of 
humidity in the lab caused the brushes on the original 
generator to deteriorate. Two generators of the same model, 
one with a different type brush, were purchased so that a 

comparison could be made between the new test stand and 
previous data. One generator was a “precious metals” 
generator. This generator has brushes that are made from 
precious metals and therefore are unaffected by the moisture 
in the lab, making it a much more reliable generator for future 
tests.  Both generators compared favourably to previous data.   

Another concern that arose were vibrations of the test 
stand. With the cantilevered arm of the torque transducer, the 
generator and the turbine blades not being strongly supported, 
at natural harmonics, the test stand was subjected to noticeable 
vibrations. Moving past this harmonic vibration to higher 
speeds did show some minor vibrations of the test stand, but 
testing was still able to be completed. A new design for the 
generator housing is being explored.   

For noise testing, the only concern was that at low speeds 
the wind tunnel background noise dominates the test 
measurement.  Another wind tunnel, especially one with an 
open test section, may be quieter and, therefore, more suitable 
for these tests.  
 
CONCLUSIONS 

Wind energy continues to be an important source of 
renewable/sustainable energy and will be for years to come.  
Among renewable energies, wind energy is dominant and is 
currently responsible for 33% of all new renewable energy. 
Small-scale wind turbines hold promise especially in local or 
micro-grid applications.  Urban wind turbines fall into this 
category.  These wind turbines require a turbine optimization 
for maximum power production and are designed to also be 
quiet when sited in populated areas such as cities.  To design 
and test such a small, urban wind turbine starts with the 
selection of the appropriate airfoil cross section which is then 
incorporated into a wind turbine blade design.  Low Reynolds 
number flow aerodynamic data is necessary to accurately 
predict performance, however, this data is difficult to find and 
often needs to be experimentally determined.  Knowing the lift 
and drag data allows the designer to find the optimum angle 
of attack for the design, the angle corresponding to the 
maximum lift to drag ratio.  After designing the wind turbine 
blade for the local wind conditions, the next step is to use 3-D 
printing to manufacture the blades, hub, and spinner for the 
wind turbine rotor.  Developing a model wind turbine system 
and experimental testing of the system in a small wind tunnel 
allows actual performance to be determined.  Scaling up the 
model wind turbine for both geometry and Reynolds number 
then gives a more accurate prediction of performance 
optimized for the conditions found at the urban site. 

Not to be ignored is the measurement of the noise 
produced by the wind turbine.  Measuring the SPL of the wind 
turbine allows a comparison of noise levels with the desire to 
reduce the generated noise by selecting an appropriate airfoil 
and tip   treatment.  By studying different airfoils and tips in a 
wind tunnel setting, recommendations can be made 
concerning which combination reduces the noise generation to 
an acceptable level.  With this process now in place, the next 
step will be a study of wind turbines designed with different 
airfoil sections and tip treatments.  Comparisons can then be 
made for wind turbine blades that will lead to a wind turbine 
system designed to optimize performance and reduce the 
noise.   

 
 

Figure 18. Vertical Location vs Corrected, A-Weighted 
Sound Pressure Level  
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NOMENCLATURE 
BEMT – Blade Element Momentum Theory 
CP – Coefficient of Power 
HAWT – Horizontal Axis Wind Turbine 
HVAC – Heating, Ventilation and Air Conditioning 
MPP – Maximum Power Point 
NREL – National Renewable Energy Laboratory 
NAFNoise – NREL AirFoil Noise 
SPL – Sound Pressure Level 
TSR – Tip Speed Ratio 
UAS – Unmanned Aerial System 
VI – Virtual Instrument 
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