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ABSTRACT:
The objective of this project was to design and simulate a turbine capable of
effectively harnessing wind energy into a viable and practical source of consumer electric
energy. This was done by the optimization of three different portions of the design.
First, restraint of the column that transferred the physical energy to the generator was
optimized. This took into consideration the weight of the turbine portion of the structure,
the torque seen due to the rotation of the blades, and the bending caused by the wind and
other transverse loads upon the column. Second, the propeller design was optimized.
This was done by designing and testing blades that had a low coefficient of drag on one
side and a very high coefficient on the opposite side. Finally, the generator was
optimized for the maximal electric output due to our expected revolutions per minute of
the transfer column.
The optimizations of the column portion of the project were done by an initial
analysis of the structure by methods of strength of materials. Once broad dimensions
were decided, they were further narrowed down by the help of analytical computer
software, in this case, the Mechanica add-on for Pro/Engineer. The expected RPMs of
the blade portion were determined by methods of fluid mechanics and also by simulation
in Fluent, a fluid flow simulation software package. The generator was then optimized in
the ELE lab for maximum electrical output from the resulting RPMs we expected the
generator to see.
What this project resulted in was a fully functional design of a vertical axis wind
turbine that is capable of producing a significant amount of electrical energy.
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Abstract:
The objective of this project was to design and simulate a turbine capable of effectively
harnessing wind energy into a viable and practical source of consumer electric energy. This was done
by the optimization of three different portions of the design. First, restraint of the column that
transferred the physical energy to the generator was optimized. This took into consideration the weight
of the turbine portion of the structure, the torque seen due to the rotation of the blades, and the bending
caused by the wind and other transverse loads upon the column. Second, the propeller design was
optimized. This was done by designing and testing blades that had a low coefficient of drag on one
side and a very high coefficient on the opposite side. Finally, the generator was optimized for the
maximal electric output due to our expected revolutions per minute ofthe transfer column.
The optimizations ofthe column portion of the project were done by an initial analysis of the
structure by methods of strength of materials. Once broad dimensions were decided, they were further
narrowed down by the help of analytical computer software, in this case, the Mechanica add-on for
Pro/Engineer.

The expected RPMs of the blade portion were determined by methods of fluid

mechanics and also by simulation in Fluent, a fluid flow simulation software package. The generator
was then optimized in the ELE lab for maximum electrical output from the resulting RPMs we
expected the generator to see.
What this project resulted in was a fully functional design of a vertical axis wind turbine that is
capable of producing a significant amount of electrical energy.
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Chapter 1 - Introduction:
Utilizing natural wind power to produce electricity is not a new concept. Using the wind as a
force to drive a mechanical system of blades and a generator has been applied and researched.
However, we are implementing a small and compact alternative that may be used as an alternate source
of power for any light electrical loads. Our project improves upon current Vertical Axis Wind
Turbines (VA WT) so it can be easily used by a small business or home owner. It will replace the
current horizontal wind turbine on the market today and provide a less obtrusive alternative.
The design consists of 3 spoon-like blades spaced equidistant from each other, with a diameter
of 2 meters. Each blade is bolted to the inner shaft. The inner shaft is surrounded by an outer shaft,
which is supported by the base structure. The outer shaft supports 2 sets of bearings, which allow the
inner shaft to continue rotating while the outer shaft is fixed. The outer shaft rigidly connected to the
base structure by weld. The inner shaft feeds into the base structure and connects to a set of bevel
gears, changing the direction of rotation from vertical to horizontal. Through the use of an effective
gear ratio, the RPMs have been increased to a value more suitable for the generator. The generator
runs through a rectifier and stores the voltage in a battery bank. The stored energy provides power to
the consumer when needed.
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Chapter 2 - Design Method:
The initial design was broken up into 3 components.
design, the base structure, and the electrical components.

These components included the blade

The design processes were as follows:

Blade Design Process: The design is unique compared to previous VA WT designs. It will be similar
to that of an anemometer, but modified to work as a wind turbine. The design will consist of 3 spoonlike blades spaced equidistant from each other, with a diameter of 2 meters. In determining the optimal
design several calculations were made. Refer to figure below:

Figure 2.1: Top View of Blade Station [1]

The blades were divided into equal spaced stations or portions. The station of interest was a distance
'r' from the rotor's center. The distance 'r' changes from station to station. Each station has a certain
band of wind to process, therefore analyzing each station will aid in the optimization of the blades.
The gray section shown above is one individual station and the distance labeled' &' is the path the
station follows [1].
The speed of movement of blade tip, Vtip, is found by assuming a desired tip speed ratio (TSR)
and plugging that in the following equation [1]:
Vtip = TSR

* (2/3)

Vwind

- (1)
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The tip speed ratio is how many times faster the tip of the blades travel compared to the wind speed [l].
For this design, calculations will be made using both a TSR of 5 and 6, before determining the optimal
TSR, and an average wind speed, Vwind, of 12 mph or 5.33 mls. Refer to appendix A, for calculated
tip velocities.
The next step in the design process was to determine the chord width, or station width, of each
station. The equation to calculate the optimal chord width with the right amount of thrust to meet the
Betz limits is as follows [1]:

c = (16 * 7r * R * (Rlr)) / (9 * TSR"2 * n)

- (2)

Where C: chord width (m)
R: maximum radius (m)
r: radius at point of computation (m)
TSR: tip speed ratio
n: number of blades
Refer to appendix A, for tabulated chord widths.
After calculating the chord widths, there were three important angles that were determined.
The angles, shown below, are either in reference to the chord line, which runs the length ofthe blade,
the axis of rotations (y-axis), and/or the plane of rotation (x-axis). According to the Betz limits, for
efficiency, the blade only sees two-thirds of the actual wind speed. The other one-third is slowed down
in the plane of rotation [2].
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R------~

r

Chord line

(2/3)Vwind

U=Vtip
Figure 2.2: Velocity Diagram (Top View)

From the velocity diagram, it is seen that:
cf>=a+{3

- (3)

Where 'W' is the relative velocity vector, a is the angle of attack, which is the angle between the chord
line and the relative velocity vector, (3is the blade setting angle, which is the angle between the chord
line and the rotation plane, and cf>is the angle between the rotation plane and the relative velocity vector
[1].

cf>was calculated for each station by using the following trig identity:
tan( cp)

=

(Rlr)*[ (2/3)*Vwind / TSR*Vwind]

- (4)

tan( cp )

=

(Rlr)*[2 / (3*TSR)]

- (5)

Refer to appendix A, for tabulated values of cf>.
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The angle of attack is dependant on the relative wind and as it is increased both the lift and drag
forces are increased. Too much lift will stall out the rotor and too much drag will slow the rotor down,
therefore we will be tested for a

=

-5,0, and 5 degrees. The blade setting angle was determined by c/> =

a + (3,using the constant angle of attack values and the values of c/> for each station. Refer to appendix
A, for tabulated blade setting angles for given angles of attack.
Also from the velocity diagram above, it is seen that Vtip is the same as the relative velocity
vector, U, which is equivalent to the angular velocity times the radius (U

=

w

* R).

By using the values

found in equation (1) along with the formula for the relative velocity, the angular velocity was
calcuated and then converted into revolutions per minute. Refer to appendix A for calculated rpms for
the corresponding TSRs. The rpms will be used later in the base structure design section.
From our tabulated data, a preliminary blade prototype was developed.

The back ofthe blades

will be covered with a heavy duty cloth-like material, or possible a carbon fiber composite, to catch the
wind while reducing the weight of the blades.

Figure 2.3:Blade Prototype
Testing of this prototype will be done using fluid flow simulation software, such as Fluent, and
a finite element analysis will be performed on the prototype as well. The testing will help determine
the optimal angle of attack at which to place the blades and whether the blades are structurally sound.
9

The optimal TSR will be determined using both the analysis of the blades and analysis on the
generator.

Base Structure

Design Process: When building a wind turbine you want to make it as tall as possible

with it still being safe. Researching towers for wind turbines we found that most are approximately 20
to 30 meters tall. The problem we have is that we want to build a tower that can be applied to any
home. So our dimensions will be significantly different from anything on the market. For the purpose
of this project we will focus on flat rooftops. Assuming that the roof is built to handle extra weight on
the top we will place or turbine on top of the roof. When building the base structure we have design it
so that it can support the weight of the rotor and blades. We wanted something that was small and
unobtrusive while also being effective. What we designed is a two-part structure with a cubic base 1meter wide, I-meter depth and a ~-meter tall. In the base we will place the generator and bevel gear
system. Bolted to the base will be the outer shell of the stem a ~-meter high, 5 em thick and a
diameter of30 em. With the tower not being very tall we can neglect the vibration of the tower. At the
top of the outer shell there will ball bearings supporting the weight of the rotor and blades. In the
center of the outer shell will be a shaft with a diameter of 20 em. that is connected to the rotor and
rotating. The rotating shaft is connected to the bevel gear system inside the cubic base. The ratio of
the bevel gear is going to give us the torque output that will maximize the generator.

We are testing the

generator to find the best torque and also testing the rotor speed so we can determine the right gear
ratio. We plan on buying the bevel gears not designing them. We are going to simulate the stress on
the outer shell stem and the inner shell stem on Pro-Mecanica to be sure that our dimensions will
support the rotor and blades. All I have for sure is that we want to use a gear to pinion ratio of20:3.
We want to use a spiral-bevel gear because it is quieter and more efficient for our needs.
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Figure 2.4 - Base Structure (not to scale)

Electrical Components Design Process: The electrical component of the wind power turbine is
composed of two main sections: power generation via the conversion of mechanical power to electrical
and the rectification of the output electrical power for storage. This first section will focus on the
generation of the electrical power from the input torque created by the rotation of the turbine.
As it has been stated previously in the mechanical description of this project, the blades will
rotate when the wind applies a force on them. These blades will then transfer their rotation to a shaft
that is connected through a series of gears to the rotor of an induction motor. The speed of the rotation
of the rotor is therefore dependent on the torque coming out of the gears. It is important to mention
that the physical design of the blades and gears has not been finalized, but this should not impede our
progress in generating power as will be explained later on. For this reason, the mechanical aspect of
this project will be assumed to be at the output of the gears that go into the rotor's shaft.
The use of an inductor motor for creating output power is simple: the motor can be run as a
generator, where the electrical power output is taken at the input of the motor. The implementation of
this is done by forcing the rotor to spin inside the motor and therefore create a magnetic field that will
transfer power from the rotor on to the stator parts of the generator. The transfer of power is due to
induction current created, hence the name induction generator.
11

The type of induction generator that has been selected is a Dayton 2N101K model, which has
the following specs:

Motor Type

3-Phase

Enclosure

ODP

HP

1/4

Nameplate RPM

1725/1425

Volts

208-220/440

NEMAlIEC Frame

56

Service Factor

1.35

'Hz

60/50

Mounting

Rigid

Bearings

Ball-Double Shielded

Thermal Protection

None

Full Load Amps

1.4-1.2/0.70

Rotation

CW/CCW

Nominal Efficiency

66.0

Number of Speeds
, Ambient (0G)

40

Insulation Class

A

Body Dia. (In.)

6.3

Brand Name

Dayton

Efficiency Group

Standard

Frame Material

Steel

Shaft Dimensions
(In.)

5/8 x 1 7/8

Special Features

50 HZ: FLA 1.6-1.8/.90 SFA 1.7-19/.95

Warranty (Years)

2

Figure 2.5: Specs chart [3]

As mentioned previously, the actual implementation of the mechanical input from the rotational
blades is not necessary in order to proceed with this project. The only information that will be needed
is the expected output gear torque generated via calculations so that the input can be simulated in a lab
environment.

As of now, the generator has been set up in a lab in series with a dynamometer that can

simulate the input torque to the generator.
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Figure 2.6: Lab setup
From the picture above, the generator is on located at the left side, with a dynamometer on the
right along with its controllers. With this setup, the operational parameters ofthe generator will be
examined and data will be collected.
One important parameter that needs further research is the speed at which to rotor needs to
rotate in order to produce power. For this reason, our data will be important for the calculations of the
gears that will be utilized by the mechanical side of the project. The output of this generator is to be a
clean three-phase current, which will then be rectified for storage.

Voltage Rectification Design Process: One of the difficulties in utilizing energy produced by wind is
the fact that wind speeds are unpredictable and sporadic. Therefore the generator that is driven by the
wind will produce voltage levels that are not constant. Household appliances need a constant input
voltage in order to run properly. High voltage peaks and irregular cycles will cause the circuits in these
appliances to burnout. We therefore intend to produce a constant output with a varying voltage and
varying frequency source. The way we intend to do this is by storing the sporadic source voltage in a
battery.
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We decided to store the energy in a 12V battery. By storing the voltage in a battery, we are
accumulating charge each time the wind blows. We basically will keep charging the battery with the
generator. This charge will be stored for use at a time that does not depend on whether or not the wind
is turning the generator. Attached to the battery is an inverter that will output a 11OV 60Hz modified
sine wave through two 3-prong outlets. This modified sine wave can be used to power most household
appliances including but not limited to: space heaters, fans, TVs, VCRs, sump pumps, computers,
printers, and lights. Most batteries are charged by a constant DC voltage source. The DC voltage helps
maintain the length of time that the battery will hold a charge, as well as preventing the battery from
overheating and possibly blowing up. We will create this constant DC voltage by attaching a bridge
rectifier to the output of the generator.
There are several types of devices in the market today that can be used to create bridge rectifier
circuits. We had originally wanted to use power MOSFET transistors because they offer high-speed
switching, low resistance, and can be used for high voltage applications.

One difficult task in using the

MOSFET is finding a way to control when it will be turned on, and turned off. Especially when
dealing with sporadic input voltages. We decided we didn't have enough time to design the control
circuitry for a MOSFET, so we decided to build our bridge rectifier circuit using diodes. The diodes
would only allow positive voltage to be used as output. In fact the only voltage that will be output is
the highest voltage of the three-phase input. The equation used to find the average DC output of the
circuit is as follows:

<Vd> = (3

* .J'2) VLL / II ~1.35 * VLL

- (6)

VLL in this equation represents the line to line voltage of the generator. The output ofthis rectifier
will not be a DC voltage, but rather a small wave. To produce the DC voltage needed to charge the
battery, we need to smooth out the rectifier's output and reduce the high voltages down to 12V.
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We accomplished this by attaching a voltage regulator to the output of the rectifier. We wanted
to use a buck-booster chip, but were not able to locate one. The regulator we did find is relatively
inexpensive, and can be purchased at local electrical stores. One problem with the regulator is that it
only bucks the voltage, and doesn't boost the voltage. That is, it will reduce high input voltage down
to the 12V, but it won't raise low input voltage up to 12V. This means that ifthe generator isn't
producing more than 12V, the output of the regulator will not be 12V DC. The good thing is that the
regulator won't produce more than 12V output which will help prevent the battery from overheating.
Through experimentation we found the output voltage of the rectifier is much more than the regulator
can handle. The input voltage ofthe regulator can not exceed 40V, and the output of the rectifier was
about SOY. We attached a voltage divider to reduce the output voltage of the rectifier by half. When
finding the values of the resistors for the voltage divider, we had to take in to account the resistance of
the regulator being in parallel with lower resistor. A schematic of what we accomplished is shown
below.
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Figure 2.7: Diode Bridge Rectifier Schematic with Voltage Divider
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Chapter 3 - Results from Solid Modeling:
Solid Model: The solid model was created in ProlE in order to run basic analyses on the structure
using the Mechanica add-on package. The completed model can be seen below in figure 3.1.

Figure 3.1 - ProlE Solid Model

All of the important mechanical parts were modeled, including the bolted joints and the bearings. This
allowed for the assignment of material properties such as density and modulus of elasticity and rigidity
due to the material selected for each component. Representations of the electrical components were
16

also modeled, including the generator and the parts associated with the storage of electrical energy.
This allowed for the assignment of an approximate weight of the electrical components and also the
spatial geometry that they would occupy. More intricate views of the model can be seen in Appendix
B.
Results: From the solid modeling, dimensions such as material thicknesses and material selection were
optimized. From the stress analysis of the load of the shafts upon the base, it was determined that a
thickness of l Omm of ASTM A36 structural steel was sufficient in strength and weight for the base
structure (Fig C.l). This allowed for a factor of safety of more than 1.5, with the yield strength of
ASTM A36 structural steel being 250MPa. From the forces created from the wind upon the blades, the
blade skeleton was hollowed out more, and changed to Aluminum Alloy 6061- T6, to allow for a lower
total mass, while maintaining a yield strength close to 250 MPa. As a result of loading the inner
cylinder under a transverse load and a torsion load, its thickness was reduced to Yz inch, to make it a
standard size that is readily attainable in industry (Fig C.2 & C.3). This Yz "thickness

allows the inner

cylinder to experience stresses under 75MPa in the above loading conditions, maintaining a minimum
factor of safety of 1.5 for the overall structure and all of its' SUbcomponents. The outer cylinder was
analyzed under its primary loading condition of compression and its secondary load of bending due to
transverse load (Fig C.4). The outer cylinder was also selected at Yz" thickness to allow for ease of
purchase ability. This thickness allowed the cylinder to see stresses well under 250MPa, maintaining a
factor of safety well above 1.5. In addition, all the bolted joints were designed with a minimum
threaded engagement of at least 1.5 times the diameter of the bolt.
Future Considerations: When looking at this project as a Multi Generational Design Process
(MGDP), there can be enhancements to every aspect ofthe design, including the blade design and the
structural design. Future iterations of the design will not be limited by time, money or computational
constraints. The blade can be put through fluent and optimized to have the maximum torque about the
blade due to a flow representative of the wind. The blade geometry can be maximized by varying an
17

equation controlling the curve of the blade and also the depth of the blade as critical dimensions. Once
the blade has been optimized, the inner and outer cylinders as well as the bolted joint assembly can be
optimized by varying their critical dimensions and comparing the resulting stresses with the desired
factor of safety. For example, the inner cylinder can have its diameter varied from 2" to 24", while
varying it's thickness from 12" to 4". At the same time, this can be done for varying materials, with the
final design being chosen by cost of material and the design that most closely meets the factor of safety
that was chosen for the project (in this case 1.5). In this manner, future iterations ofthe machine can be
optimized to reflect an ideal blade design with a support structure that conforms perfectly to a specified
factor of safety.
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Chapter 4 - Conclusion:
The premise ofthis design project was to create a system capable of harnessing wind energy,
firstly into mechanical energy, and then finally into usable electrical energy. The propellers were
designed in a modified anemometer type arranged upon a vertical axis of rotation. Factors that
influenced this decision included wind speed and safety. Second, energy is generated by an induction
generator and stored in a battery. The output from the battery is AC from the use of voltage regulators.
This choice was influenced by the amount of power ideally generated, and also the efficiency at which
it would be accomplished. Lastly, the mounting mechanism utilizes the surface of a flat roofto
minimize vibrations and other structural integrity and stability issues. The final design is capable of
producing efficient and practical clean energy in a safe manner.
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APPENDIX A: Tabulated Data
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Table 2: Calculated Tip Velocity
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R = 1m
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Table 4: Tabulated cP
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17.529
15.784
14.462
13.427
12.595

alpha = 0

TSR=6
53.013
34.055
25.323
20.524
17.529
15.491
14.019
12.907
12.038
11.340

Beta
53.130
33.690
23.962
18.435
14.931
12.529
10.784
9.462
8.427
7.595

48.013
29.055
20.323
15.524
12.529
10.491
9.019
7.907
7.038
6.340
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Stations

alpha = 5

1
2
3
4
5
6
7
8
9
10

Beta
48.130
28.690
18.962
13.435
9.931
7.529
5.784
4.462
3.427
2.595

43.013
24.055
15.323
10.524
7.529
5.491
4.019
2.907
2.038
1.340

Table 5: Tabulated Blade Setting angle for given Angle of Attack

TSR

RPM (rev/min)

5

169.69

6

203.59

Table 6: Tabulated RPMs
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APPENDIX B: Solid Model

Figure B.l: 3-D Model

Figure B.2: Wire Frame Model
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Figure B.3: Internal Components (Solid)

Figure B.4: Internal Components (Wire Frame)
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Figure B.5: Bottom View of Hub

Figure B.6: Clip Assembly
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APPENDIX C: Structural Analysis

Figure C.l: Base Under Compression

Figure C.2: Inner Cylinder Under Bending

Figure C.3 Inner Cylinder Under Bending and Torsion
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Figure C.4: Outer Cylinder Under Compression
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