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Abstract 

 

This report describes the iterative process and steps taken to build a tidal power 

generator which works efficiently while causing no harm to marine life or habitat. A tidal 

power generator is a device that converts the mechanical energy from the horizontal tides 

in the ocean (or any flowing water body) into electrical energy. The design was 

undertaken as an interdisciplinary capstone project for seniors in mechanical and 

electrical engineering. The results will be used for research purposes in determining the 

efficiency of the specific design used and the overall feasibility of tidal power generation.  

A preliminary prototype consisting of the mechanical linkages and an airfoil was built 

and tested in the air to prove the various concepts employed work. Based on the results 

obtained, a full scale model was built and tested in the wind tunnel. An elliptical airfoil 

was used in harnessing the mechanical energy from the tidal flow. A deflector mounted 

on the system was to make the elliptical airfoil work bi-directionally.  The mechanical 

linkage consisted of a belt and four sprockets which enable the generator to only see 

rotary motion in one direction. Finally, a small electric motor was used as a generator to 

convert the mechanical energy harnessed into electrical energy.  

The tests performed show that tidal power generation through airfoils is a viable 

technology with a lot of potential. Using a bi-symmetric airfoil, 5mW of power was 

produced with a small six volt motor in 40miles/hour wind, with the airfoil moving at 

over 200 rpm. Rudimentary testing of the same system with an 85% efficient permanent 

magnet DC generator shows possibilities of over 50W. Given more time in the wind 

tunnel and the water tunnel (which were fully occupied by graduate students and broken 

respectively), more elaborate tests could have been performed on the tidal generator. 

Some improvements which can be made to the system include using lighter bellows 

seals that can collapse under their own weight, this would decrease the force required to 

move the airfoil and hence increase the rpm and power generation. Also, an improved 

design should include a control system that takes into account the flow speed of the water 

and consequently adjusts the angle of attack of the airfoil. The switching mechanism for 

the airfoil should also be improved to allow for bi-directional functionality of the system. 

The system met the majority of its functional requirements and with some minor 

improvements and more testing has the potential to be very successful. 
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1. Introduction 
 

The Final Design Report is an opportunity for the tidal power plant team to present 

the final design for the project to their mentor and sponsor.  This document contains all of 

the steps taken to reach the final design as well as an in depth explanation of the design.  

First, the concept will be introduced.  The customer needs, functional requirements and 

the constraints will then be presented.  Next, design parameters which were considered 

and rejected will be shown along with a Pugh chart and TRIZ results.  The final design 

will be decomposed along with an exhaustive failure modes and effects analysis.  An 

overview of the system build and the testing performed will follow.  Finally, our results 

will be presented and recommendations for the future of the design will be made.  

2. Requirements Specification 

i. Problem Statement 
 Power generation is necessary to our culture.  However, current methods of power 

generation, such as coal and nuclear plants, have many problems.  They produce 

radiation, require hazardous resources, are limited, and cause pollution. Emission of 

pollutants and greenhouse gases from electricity generation accounts for a significant 

portion of world greenhouse gas emissions.  Electricity generation accounts for nearly 40 

percent of emissions from the United States and 21 percent for the world - the largest of 

any source. In order to solve these problems power companies are turning to renewable 

energy sources such as solar, wind, and water power.  These methods reduce pollution 

and do not rely on limited resources, though they have some problems of their own. Wind 

mills tend to be undesirable because the power they produce is unreliable since wind is 

not always blowing. They also kill birds, and are considered to be eyesores. Solar power 

is also problematic because the sun is only up for half the day and may be covered by 

clouds. Tides, however, are entirely reliable and predictable.  There is potential to extract 

tidal energy for as much as 20 hours per day. Water power; especially from tides, is a 

resource which has just begun to be tapped.  There is tremendous kinetic energy in the 

tides which has the potential to be converted to electrical energy.  Current attempts at 
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harnessing the power in the tides involve underwater turbines.  The problem with this 

method is their fast spinning blades and the impact they have on marine life.  These 

turbines often kill fish and other marine animals, which is unacceptable.  The power of 

the tides must be converted to usable energy without harming marine life, but the power 

plant must remain efficient enough to warrant the initial cost. 

ii. Project Scope 
Dr. Hermann Fasel, a professor at the University of Arizona, has requested our 

company‟s assistance in creating an oceanic underwater power generation system.  He 

specializes in computational fluid dynamics, hydrodynamic stability, and flow control.  

Current designs to harness the power of the tides cause harm to the marine ecosystem, 

our task is to minimize this harm and maximize efficiency by re-thinking the design of 

the mechanism used to harness tidal power.  Multiple designs will be formulated for a 

large tidal power generator. Two models, with different scales, will be built and tested. 

The proposed designs will take advantage of the kinetic energy lying in the horizontal 

portion of a tidal flow. Kinetic energy will be extracted using an array of one or more 

“airfoils” moving in a vertical plane. Due to the lack of high speed spinning blades, the 

large “wings” will be considerably less dangerous to ocean life. To increase efficiency, 

active flow control may be used on the “airfoils” in the system. In addition to the final 

scale models, preliminary prototypes will be built and tested in the AME Hydrodynamics 

Laboratory. The results from the preliminary model tests will lead to the final design 

selections. 

 

iii.  Mission Statement 
The objective of this project is to utilize the renewable kinetic energy that is the 

ocean tidal flow to generate electrical energy without adverse environmental impact. The 

tidal power plant is intended to be efficient in energy generation and hence pioneer a new 

way to produce electrical energy from horizontal tidal energy. 
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iv.  Functional Requirements 
 A functional requirement is a quantifiable requirement that a design must meet in 

order to perform its task as specified.  As a part of the design process, certain functional 

requirements were thought to be critical to producing a design that meets the customer‟s 

needs.  Both a basic prototype and a scaled design must be constructed; each has its own 

functional requirements.   

  

The functional requirements for the larger-scale design are, in order of 

importance, as follows:  The device must extract kinetic energy from tidal flow.  This is 

to be measured using the Watts of energy output by the device and should be 

approximately 30% of the Betz Limit.  The final design meets this requirement by using 

an airfoil to capture kinetic energy.  The design must utilize bi-directional flow.  The 

design efficiency must be equal in both flow directions within 5%.  The design will 

involve a bi-symmetric airfoil which has equal efficiency with the ebb and flow of the 

tides. Seawater can be extremely corrosive to certain materials; this can cause device 

failure and pollution if the proper material is not used.  The design must be able to be 

fully submersed in ocean water for 2 to 3 years without corrosion.  Coastlines have 

different lengths and shapes.  The device must be scalable to maximize the power 

produced from any type of coast.  The target value is that the device utilize 10% of a 

given shoreline.  The device has been designed to link to other devices creating a chain of 

variable length.  The physical size of the device will not change, the number of devices 

used will be modified instead.  Because of the location, maintaining the device will be 

difficult and expensive.  The final functional requirement is to operate reliably for 3 or 4 

months with no maintenance to reduce this cost.  An analysis of the chosen materials will 

be performed to ensure this requirement is met.   

  

The design prototype will be tested in both a wind tunnel and a hydro-chamber.  

These environments are very different from the ocean, so the prototype must have a 

different set of functional requirements than the full-scale model.  The first two 

functional requirements remain the same.  The design must be able to extract kinetic 

energy from a tidal flow and it must be able to handle bi-directional flow.  These 
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requirements are met with the same solutions as listed for the full-scale design.  The third 

functional requirement is to power a small light bulb.  This will be measured by 

physically connecting the design to a light bulb, which will require between 10 and 20 

watts.  The design must be able to light the bulb.  This requirement is met by using a low 

RPM generator, which will output power with very low, variable RPMs.  The testing 

facilities will only be available to us for short periods of time.  This has modified our 

functional requirement of reliable operation.  The prototype only needs to operate 

between three and fours hours without needing maintenance.  The prototype will be 

constructed out of more cost effective materials because of this relaxed requirement.  A 

solution that mimics ocean water will be made, the prototype must be able to withstand 

submersion in this solution for 12 to 14 hours.  This requirement will be met by 

researching materials that should hold up to sea water and will help us to predict the 

behavior of the materials used in the full-scale model.  Tables of functional requirements 

for both the full-scale and prototype model can be seen in Tables 1 and 2 below. 

 

Full Scale Model 
Functional 

Requirement Importance 

CTQ 

(metric) Target Value 
Extract kinetic 
energy from 
horizontal water flow 

in the ocean 

5 Watts 
30% of the Betz 

limit 

Utilize bi-directional 
flow 

5 Efficiency 

Efficiency equal in 

each direction 
(±5%) 

Withstand sea water 4 Years 2 to 3 

Scalable to multiple 
coastal environments 

3 

Cross-
Sectional Area 

/Coastal Area 
Available 

10% 

Operate reliably 3 Months 3 to 4 

Table 1: Full-Scale Model Functional Requirements 
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Prototype 

Functional Requirement 
Customer 

Importance 

CTQ 

(metric) 

Target 

Value 

Extract kinetic energy from 

horizontal water flow in a 

hydro chamber. 

5 Watts 
30% of the 
Betz limit 

Utilize bi-directional flow 5 Efficiency 

Efficiency 
equal in each 

direction 
(±5%) 

Power a small light bulb 4 Watts 10 to 20 

Operate reliably 3 Hours 3 to 4 

Withstand sea water 2 Hours 12 to 14 

Table 2: Prototype Functional Requirements 

 

v. Constraints 
 A constraint is a limitation to a design.  It gives parameters in which a design 

must operate in order to be considered successful.  During the design process a number of 

constraints, both for the full-scale model and the prototype, were discovered.   

  

The larger-scale model has the following constraints, listed in order of 

importance: Environmental impact must be minimized.  The device shall move no faster 

than 40 rpm.  The generator‟s resistance will be used to limit the speeds that the device 

can achieve.  The materials used must be non-toxic.  Materials have been researched and 

the device will be made of stainless steel and marine-grade aluminum.  Various stream 

velocities will be encountered; the design must be able to accommodate velocity changes.  

This constraint will also be solved using the generator.  The average flow of an area will 

be found and a generator with the correct resistance to keep the RPMs in target range will 

be used.  Finally, the design must not interfere with shipping lanes.  The drafts of cargo 

ships have been researched, and the majority are no greater than 40 feet underwater.  The 

device must be situated below this depth.   
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The prototype design has different constraints due to the different environments in 

which it will be tested.  Once again the constraints are listed in order of importance.  The 

design must fit easily into the hydro-chamber and wind tunnel.  The hydro-chamber is 

approximately three feet wide and the wind tunnel is approximately five feet wide.  

Therefore, the prototype will be no more than three feet wide in order to easily fit into 

these spaces.  The device must handle various stream velocities.  This constraint is 

addressed the same way as the full-scale model addresses it, by using a properly sized 

generator to control RPMs.  Finally, the prototype must be constructed from material that 

will not harm the test materials.  This will be accomplished by using foam for the airfoil 

and wood as the structure.  These materials will not harm ether test facility.  Tables of 

constraints for the full-scale and prototype model can be seen in Tables 3 and 4 below. 

 

Full Scale Model 

Constraint 

Customer 

Importance 

CTQ 

(metric) 

Target 

Value 

Environmental Impact 5 rpm <40 rpm 

Materials 5 Damage Non-Toxic 

Withstand various 

stream velocities 
4 

Stream 
Velocity 

<10 rpm 

Does not interfere 

with shipping lanes 
3 Depth 

<40 feet 
deep 

Table 3: Full-Scale Model Constraints 

 

Prototype 

Constraint 

Customer 

Importance 

CTQ 

(metric) Target Value 

Fit in a 3' hydro 

chamber 
5 Feet 1 

Withstand various 

stream velocities 
4 

Stream 
Velocity 

TBD 

Materials 4 Damage 
Does not damage 

hydro chamber 
Table 4: Prototype Constraints 
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3. Design Concepts and Analysis  

i. Preliminary Calculations  
The primary functional requirement of the project is to extract kinetic energy from 

the fluid flows created by the incoming and outgoing tidal flows.  To show this is 

possible, the sponsor of this project required the team to conduct preliminary calculations 

to determine the power output of a tidal power generator.  The sponsor and team agreed 

the use of an airfoil would be the best option for extracting the energy from the flow.  For 

this reason the team used the following fluid dynamic equations of lift and drag to 

calculate the power output.  

 

Equation for Lift 

2****5.0 effl VCSL   

 

Where S is the plane form area and is defined as the span multiplied by the chord 

length of the chosen airfoil.  The effective velocity, Veff, is the resultant velocity vector of 

the horizontal tidal flow and the vertical velocity of the airfoil, which is a function of the 

operating rpm, revolutions per minute.  The angle at which the effective velocity acts 

with respect to the horizontal flow is defined as β.  Cl is the coefficient of lift, which is a 

function of the effective angle of attack.  The equation for Cl is determined from a curve 

fit of a coefficient of lift versus angle of attack, α, graph based on the chosen airfoil.  The 

angle of attack, α, is the angle at which the airfoil‟s chord with respect to the horizontal 

flow.  The effective angle of attack is defined as α-β.    is the density of the fluid the 

airfoil is operating in, which is non-saltwater for this project's preliminary calculations.  

The lift acts perpendicular to the chord.    

 

Equation for Drag 

2****5.0 effd VCSD   

 

Where S is the plan form area and is defined as the span multiplied by the chord 

length of the chosen airfoil.  The effective velocity, Veff, is the resultant velocity vector of 



 

  
Page 13 

 
  

the horizontal tidal flow and the vertical velocity of the airfoil, which is a function of the 

operating rpm, revolutions per minute.  The angle at which the effective velocity acts 

with respect to the horizontal flow is defined as β.  Cd is the coefficient of drag, which is 

a function of the effective angle of attack.  The equation for Cd is determined from a 

curve fit of a coefficient of drag versus angle of attack, α, graph based on the chosen 

airfoil.  The angle of attack, α, is the angle at which the airfoil‟s chord with respect to the 

horizontal flow.  The effective angle of attack is defined as α-β.    is the density of the 

fluid the airfoil is operating in, which is non-saltwater for this project's preliminary 

calculations.  The drag acts in the direction of the horizontal flow.    

 

Equation for Power 

verteff VLP *  

 

Where Vvert is the velocity at which the airfoil is moving in the vertical direction.  

This velocity is a function of the operating rpm, revolutions per minute.  The effective 

lift, Leff, is the resultant lift vector of the previously stated lift and drag equations. 

 

These equations are used within a MatLab program and an Excel spreadsheet.  

Both programs are used to create redundancy so the results could be confirmed.  Some of 

these results are shown below in Figures 1 and 2.  These results are based on a small 

airfoil in a unit area. 
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Figure 1: Average Power vs. RPMs 
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Figure 2: Power Generated per Stroke 
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ii. Pugh Chart 
 A Pugh chart is a method to choose an optimum design from many candidates. It 

works by rating the ability of a design to meet many parameters with any current design 

serving as a model for comparison.   If the proposed design accomplishes a parameter 

better than the current design it receives a positive score in that category, otherwise it 

receives a zero or a negative score.  The design with the best score should be used. The 

tidal power generator required two Pugh charts to reach the final design.  The first 

analyzed the method of capturing kinetic energy and the second provided the optimal 

generator for the design.   

 

There were initially three designs proposed for the tidal generator project.  The 

first design was a linear oscillating wing, which oscillates in the vertical plane.  The 

second design was a "See-Saw" design, which is similar to the linear design but has two 

wings on a pivot, like a toy you would find on a playground.  The final design was an H-

Type turbine, which uses airfoils mounted parallel to an axis of rotation, however the axis 

of rotation lies along the horizontal plane instead of the vertical plane as with the 

traditional H-Type.  These three designs were entered into the Pugh chart.  A weighted 

Pugh chart was used to be sure that parameters of greater importance were given the 

proper consideration.   

  

Two types of generators were considered for the design.  An axial generator, 

which would require and axial force to create power and a linear generator, which can 

produce power from a linear movement, were considered.  This Pugh chart was also 

weighted in order to attain meaningful results.  The Pugh charts can be seen below in 

Tables 5 and 6. 

 

 



 

  
Page 16 

 
  

Table 5: Design Pugh Chart 

 

  Weight Axial Generator 
Linear 

Generator 

RPM Capability 0.6 0 0 

Motion Translation 0.6 -0.6 0.6 

Low Amperage Capability 0.5 0 0 

Efficiency 0.4 0.4 0 

Maintenance 0.3 0 -0.3 

Cost 0.3 0 -0.3 

Availability  0.3 0.3 -0.3 

TOTAL 3 0.1 -0.3 
Table 6: Generator Pugh Chart 

 Weight Existing Design Linear Oscillator  See-Saw  H-Type  

Environmental Impact 0.5 0.0 0.5 0.5 0.5 

Reliability 0.4 0.0 0.4 0.0 -0.4 

Scalable 0.4 0.0 0.4 0.4 0.0 

Useful Life 0.3 0.0 0.3 0.3 0.0 

Maintenance 0.3 0.0 0.0 0.0 -0.3 

Manufacturing Cost 0.3 0.0 0.0 -0.3 -0.3 

Serviceability 0.2 0.0 0.2 0.0 0.0 

Self-Start 0.2 0.0 0.2 0.0 0.2 

Efficiency 0.2 0.0 -0.2 0.0 0.2 

Footprint 0.1 0.0 0.1 -0.1 -0.1 

Shipping Interference 0.1 0.0 0.0 0.0 0.0 

TOTAL 3 0 2 1 0 
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 The results of the Pugh chart lead to the choice of the linear oscillator as the 

energy transfer device.  The main reasons for this are the simplicity, reliability, and the 

eco-friendly nature of the design.  The axial generator was chosen because of its 

advantage in cost and availability over the linear generator.  The final design is to be a 

linear oscillator with an axial generator.  The motion from the linear oscillator will be 

transferred to the generator using a belt drive system. 

 

iii. TRIZ Results 
During the preliminary design stage of this project, the team decided to use the 

TRIZ method to determine possible solutions to any contradictions which maybe 

encountered in the design.  The following descriptions define the ideal final result as well 

as the contradictions and the solutions the team discovered through this process.   

 

The TRIZ method of determining an Ideal Final Result helped to provide 

something to which a contemporary design can be compared. The Ideal Final Result for a 

tidal power generator would have the following characteristics:  

 It would be extremely inexpensive to manufacture and install 

 It would operate at the Betz limit of efficiency 

 It would operate no matter what direction the fluid flows 

 Marine life would be completely unharmed, as would the ecosystem 

 It would never require maintenance 

 It would take up minimal space 

 There would be no mechanical or electrical losses in the system 

Though such a system is currently beyond reach, this exercise was helpful for showing 

what the design should strive to achieve. 

 

The first contradiction is how the weight of the moving airfoil affects the speed at 

which the design can operate.  This is an important issue because it involves the project‟s 

constraint of operating speed.  The design should not operate at high rpm‟s, because it 

could cause harm to ocean creatures. 
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The solutions from the TRIZ matrix are; taking out, anti-weight, dynamics, and 

strong oxidants.  Taking out refers to separating or singling out an interfering part from 

the rest.  Anti-weight means to make the part merge with other parts or the environment 

to create lift or buoyancy.  The solution of dynamics suggests dividing the part into 

multiple parts which can move or allow the characteristics of the part to change to an 

optimal quantity.  The final solution of strong oxidants says to change the air or fluid 

with some ionized or oxidized solution.  The only solution which applies is the dynamic 

option for changing the characteristics or properties of the part or material.     

 

To be able to control the speed at which the machine operates the airfoil needs to 

have a low mass.  To achieve this, the team decided to manufacture the airfoil from a 

composite material, such as carbon fiber.  This type of material has the low mass required 

but maintains the strength needed for the airfoil to withstand the forces created by the 

tidal flow.  This ensures the airfoil will be able to meet the constraint of operating at low 

revolutions per minute.   

 

The complexity of the design and how easy it is to manufacture is the next 

contradiction discovered.  This issue will be important if the design is mass produced in 

the future.  Also, the complexity of the design is an important issue to consider because 

of the time and cost needed to manufacture it.   

 

The TRIZ matrix provides the following solutions; cheap short-living objects, 

copying, segmentation, and the other way around.  The cheap short-living objects means 

to use part within the system which are inexpensive and replaceable.  The solution of 

copying refers to using inexpensive and simpler copies of an expensive part.  The 

segmentation solution simply suggests dividing the part into individual parts or making 

the part easy to disassemble.  The last solution says to invert the parts by making the 

moving part stationary and the stationary part move.  The team decided none of these are 

applicable to this project.   
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Therefore the team‟s solution to this contradiction is to keep the design as simple 

as possible.  For example, instead of using a complex system of gears to translate the 

extracted flow energy the team chose to use a simple belt mechanism.  This allows the 

motion of the airfoil to be directly translated to the axial power generator.  

 

Another contradiction which is pertinent to the design of this project is the change 

in the strength of the system when the dimensions are increased.  It is important to find a 

solution to this contradiction because it incorporates the project‟s functional requirement 

of scalability.  The final design needs to fit within different coastal environments.  

Meaning it may need to have a larger or smaller “footprint” on the ocean floor depending 

on where in is located.  As the “footprint” increases the airfoil‟s span will need to 

increase and consequently will be structurally weaker.       

 

The solution matrix of the TRIZ method states these possible solutions; anti-

weight, parameter changes, pneumatics and hydraulics, and discarding or recovering.  

The anti-weight solution is the same as previously described.  The solution of parameter 

changes refers to changing the physical or chemical characteristics of the part.  The 

pneumatic and hydraulic solution involves using gas or liquid parts instead of solid parts 

within the system.  The last solution of discarding or recovering suggest making portions 

of the system go away after performing a function or come back to perform a function.  

The only one of these solutions which is applicable to this design is the solution of 

parameter changes. 

 

To overcome the contradiction involved in the scalability of the final design, the 

team devised two possible solutions.  Since the strength is reduced if the system is 

expanded, the larger systems could be made of a more rigid material to provide the 

required strength.  Alternatively, the internal structure of the parts, such as the airfoil, 

could be strengthened by adding more supports to provide the same needed rigidity.   

Both of these would present an adequate solution for the functional requirement of being 

scalable to different environments.   

 



 

  
Page 20 

 
  

Since the main functional requirement is to generate power another major 

contradiction the team discovered is the energy spent by the moving objects in relation to 

the power generated.  The moving airfoil and the mechanical linkage used to translate the 

extracted energy cause the system to have energy losses.  These losses result in lower 

quantities of generated power. 

 

The TRIZ solution matrix presents the follow possible solutions; universality, 

periodic action, thermal expansion, and mechanical vibration.  The universality solution 

incorporates the functions of multiple parts into one.  The solution of periodic action 

refers to creating the parts to operate in a periodic motion rather than a continuous 

motion.  The next possible solution of thermal expansion suggests using the thermal 

expansion properties of a material to overcome the contradiction.  The last solution 

option from TRIZ involves mechanical vibration, meaning changing the frequency at 

which the part vibrates or cause the part to vibrate.  Through reviewing these possible 

solutions, the team determined none of them provided good solutions for this 

contradiction.   

 

Since the TRIZ solutions are not appropriate to the project the team determined 

other solutions.  By designing a highly efficient mechanism for transferring the extracted 

energy to the generator the design would have minimized energy loss.  By minimizing 

the losses, almost all the kinetic energy would be converted to power through means of 

the generator.  Another solution would be to use springs at the locations where the airfoil 

changes direction.  This would improve the system‟s ability to maintain the kinetic 

energy before is it transferred through the mechanical mechanism to the generator.  These 

two solutions allow the design to effectively meet the functional requirement of 

efficiency.   

 

The next TRIZ technical contradiction was weight of a moving object and 

strength. This pertained to the airfoil. Because of the energy spent by the moving objects 

in relation to the power generated contradiction, a heavy airfoil will lead to power losses 
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in the generator. Therefore, the mass of the airfoil needs to be minimized, but it still must 

be strong enough to withstand the lift and drag forces. 

 

TRIZ proposed the following Principles to solve this contradiction:  

Segmentation, anti-weight, composite materials, and Dynamics.  Segmentation did not 

solve this contradiction, and neither did anti-weight (because it is the mass that is the true 

issue, not the weight.) Dynamics also was inapplicable. However, composite materials 

would certainly solve this contradiction. By using strong, rigid, lightweight composite 

materials the airfoil can be made very strong without having a large mass.  This helps the 

design to meet the efficiency Functional Requirement, since a lighter airfoil means less 

energy lost, increasing the efficiency of the system. 

 

Another TRIZ contradiction was adaptability and size.  This contradiction applied 

to the system as a whole.  As the size of the generator increases, the amount of flow being 

harnessed increases, and the power output increases.  While a larger generator provides 

gains in power, it also limits the ability of the generator to work in a wide range of 

coastal environments. A flat seabed is required to install a generator, so a larger generator 

has limited adaptability.   

  

TRIZ proposed the following two Principles for this contradiction:  Segmentation, 

and Parameter changes.  Parameter changes were inapplicable for this contradiction, 

since something like a phase change or temperature change would not help.  The 

segmentation Principle does work, however.  By using multiple smaller generators, the 

same flow area could be covered while maintaining ease of adaptability.  The solution to 

this contradiction helps the design to meet the scalability Functional Requirement, since 

it allows the generator to be usable in a range of coastal environments. 

 

Another TRIZ contradiction was speed of a moving object and harmful side 

effects. This contradiction pertains to the movement of the airfoil. The airfoil must not 

move at speeds that could harm marine life, but the generator still must operate 

efficiently.  
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The TRIZ Principles for this contradiction are: Taking out, „intermediary‟, 

parameter changes, and skipping.  Taking out does not help, because the airfoil has only 

one purpose, this means it cannot be broken down into any smaller subset. Parameter 

changes would not help in this instance either, and „skipping‟ suggests moving the airfoil 

even faster, which does not solve the contradiction.   Intermediary could be a possible 

solution: by using something like a mesh to surround the generator, the blades could 

move at high speeds while the net keeps marine life safely away. The final solution to 

this contradiction was developed without the TRIZ principles. By designing the airfoil to 

move at slow speeds while generating large lift forces instead of fast speed and low lift 

forces, the generator will be efficient without causing harm to marine life. 
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iv. Failure Modes and Effects Analysis 
The failure modes and effects analysis (FMEA) analyzes potential failures within 

a system, and the effects that those failures will have on the system. Additionally, the 

FMEA presents mitigations to the aforementioned failures. First, primary functions of 

each component are determined. Next, possible methods of failure (failure modes) are 

analyzed, and the consequences of these failures are identified. Finally, mitigations to the 

failure modes are presented. Incidents of each failure mode were not identified because 

the project is still in design stage, and it is obviously being designed to have no failures. 

However, as with any design, weaknesses in the design may not be fully identified until 

the testing process has commenced. While a failure is never desirable, the FMEA 

prepares a team for such an event in advance so that solutions can be found quickly and 

put into practice prior to construction of the full-scale model. The following charts are the 

Failure Modes and Effects Analyses for the motion constraint system of the machine. 

This system consists of all components that actively contribute to the control of the 

motion of the hydrofoil: 
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Component Function Failure Mode Consequence Cause Mitigation 

Bearing Block 

To house 

bearings 

Fails to hold 

bearings in 

position 

Erratic hydrofoil 

motion, 

overstressing 

hydrofoil 

Failure of 

retaining 

mechanism 

High strength 

snap rings or 

precision press 

fits 

Improper bearing 

installation 

Remove and 

reinstall bearings. 

Holds bearings 

in improper 

alignment 

Binding of 

entire system 

Bearing races 

improperly 

aligned 

Reconstruction of 

bearing block 

with tighter 

tolerances 

Bearing cannot 

seat properly 

Reseat bearings, 

make any 

necessary 

changes to 

bearing races 

Transfer of stress 

to bearings 

Material 

Failure 

Catastrophic 

mechanism 

failure 

Permeation of 

corrosive 

seawater 

Use of 

nonreactive 

materials 

Application of 

stress exceeding 

the yield point 

Selection of 

materials with 

higher fatigue life 

Limit rotation of 

hydrofoil 

Improper 

allowed range 

of motion 

Abnormal 

loading on 

support 

structure 

Unconstrained 

hydrofoil 

Reinforced 

stopping tabs 

Replaceable 

stopping tabs 

Loss of 

efficiency 

Non optimum 

angle of attack 

Reinforced 

stopping tabs 

Replaceable 

stopping tabs 

 

 

Component Function Failure Mode Consequence Cause Mitigation 

Linear Bearing 

Allow limited 

vertical motion of 

hydrofoil 

Particulates 

invading linear 

bearings 

High friction 

with guide 

track, 

completely 

inhibited motion 

Grit interfering 

with movement 

of linear ball 

bearings 

Clean grit from 

bearings, adapt 

a bearing 

sealing system 

Lubricant 

breakdown 

Premature 

bearing wear 

Lubricant is 

reactive with 

salt water 
Sealed bearings 

with permanent 

lubricant 
Lubricant breaks 

down 

prematurely 
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Component Function Failure Mode Consequence Cause Mitigation 

Guide Track 

Constrain 

hydrofoil to 

vertical motion in 

single plane 

Bending of 

guide rod 

Binding of 

entire system 

Excessive drag 

force 

Choosing a 

material strong 

enough to cope 

with twice 

expected drag 

force 

Installation of 

bent rod 

Detailed 

inspection of 

ordered rods to 

ensure straightness 

Failure of end 

bracket 

Catastrophic 

mechanism 

failure 

Shearing of 

bracket 

fasteners 

Fatigue analysis on 

fasteners to 

determine 

thickness and 

material 

Bracket 

material failure 

Fatigue analysis, 

material trade 

studies 

Allow vertical 

motion of 

bearing block 

Degrading of 

surface finish 

Loss of 

efficiency due 

to high friction 

Pitting of 

surface finish 

from corrosion 

Research to find 

best corrosion 

resistant materials 

Wearing from 

particulates 

caught in linear 

bearings 

Bearing sealing 

system to prevent 

invasion of 

particulates 

Non uniform 

diameter 

Binding of 

entire system 

Rod machined 

outside allowed 

tolerances 

Ordering of 

precision ground 

rods 

Uneven 

hardness along 

rod length 

causing non 

uniform 

wearing 

Use of cold rolled 

materials 
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Component Function Failure Mode Consequence Cause Mitigation 

Shaft Support 

Maintain 

alignment of 

guide rods 

Misalignment 

of guide rods 

Stress on 

hydrofoil 

Mounting points 

on upper and 

lower shaft 

supports are not 

aligned 

Ensure proper 

placement of 

mounting holes 

on frame 

Mounting points 

are not 

machined 

within proper 

geometric 

tolerances 

Use a CNC mill 

to construct part 

within tight 

geometric 

tolerances 

Material Failure 

at mounting 

point of the 

guide rod 

Fatigue failure 

of guide rod 

Loosening of 

mounting 

hardware 

allowing motion 

through each 

cycle 

Lock washers 

and lock nuts in 

conjunction with 

hardened 

fasteners 

Corrosion of 

shaft support 

Use of corrosion 

resistant material 

Fasten Guide 

rods to frame 

Shearing of 

mounting 

hardware 

Catastrophic 

mechanism 

failure 

Corrosion of 

mounting 

hardware 

Use of corrosion 

resistant material 

Imperfections in 

mounting 

hardware 

Rigorous 

inspection of 

mounting 

hardware 

Material failure 

at frame 

mounting points 

Guide rode 

becomes 

detached from 

frame and 

hydrofoil is 

destroyed 

Corrosion of 

shaft support 

Use of corrosion 

resistant material 

Mounting points 

lack sufficient 

supporting 

material 

Design part with 

extra material 

around mounting 

points 
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The F.M.E.A. is continued below for our power generation system. This system consists 

of the mechanical system that drives the generator to create electrical power. 

Component Function Failure Mode Consequence Cause Mitigation 

Lower and 

upper bearing 

pin 

Maintain proper 

position of the 

tensioning 

sprockets 

Bending of pin 

Binding of 

power transfer 

system 

Over tensioned 

belt stressing 

pin 

Adjustable 

tensioning 

system 

Material defects 

in pin 

Rigorous 

inspection of 

pins 

Transfer of stress 

from  sprockets to 

support 

mechanism 

Torsional 

shearing of pin 

Loss of tension 

on belt, loss of 

power 

generation 

Binding of 

support bearings 

Cold rolled 

materials 

utilized, 

shielded 

bearings 

Bending shear 

of pin 

Over tensioned 

belt stressing 

pin beyond its 

yield strength 

Adjustable 

tensioning 

system 

 

 

Component Function Failure Mode Consequence Cause Mitigation 

Lower bearing 

spacer 

Maintain 

alignment of 

lower sprockets 

with upper 

sprocket 

Loss of overall 

length due to 

friction wear 

Uneven belt 

wearing due to 

slight sprocket 

misalignment 

Friction 

between spacer 

and frame 

member 
Use of a low 

friction material 

for construction 

of bushing 
Friction 

between spacer 

and aft surface 

of lower 

Component Function Failure Mode Consequence Cause Mitigation 

Hydrofoil 

Needle Bearing 

Allow limited 

rotational motion 

of hydrofoil 

Particulates 

invading needle 

bearings 

Inhibited 

rotation of 

hydrofoil, 

rotation to non 

optimum angle 

Grit interfering 

with rotation of 

ball bearings 

Sealed bearings 

with permanent 

lubricant 

Lubricant 

breakdown 

Premature 

bearing wear 

Lubricant is 

reactive with 

salt water 

Lubricant 

breaks down 

prematurely 
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sprocket 

Spacer becomes 

detached from 

bearing pin 

Belt jumps the 

sprocket and 

ceases to drive 

generator 

Material failure 

of the bushing 

due to corrosion 

Use of 

corrosion 

resistant 

material 

Bushing failure 

from 

compression 

between frame 

member and 

lower sprocket 

Set screws in 

lower sprockets 

to help maintain 

proper 

alignment 

 

Component Function Failure Mode Consequence Cause Mitigation 

Lower and 

upper sprocket 

bearing 

Allow smooth 

rotation of  

tensioning 

sprockets 

Particulates 

invading ball 

bearings 

High friction 

within bearing 

taking 

efficiency from 

power transfer 

system 

Improperly 

sealed bearing 

Inspection of 

bearing seals 

before 

installation 

Bearing seal 

failure 

Use of 

corrosion 

resistant 

bearing seals 

Breakdown of 

lubricant 

Efficiency 

losses and 

eventual 

binding of 

bearing 

Reaction of 

saltwater with 

lubricant 
Use of sealed 

bearings 
Evacuation of 

lubricant 

Maintain proper 

alignment of the 

bearing pins 

Slight 

misalignment 

between 

sprockets 

Belt wears 

against sides of 

sprockets and 

frays 

Improperly 

seated bearing 

Reseating of 

bearings 

Clearing of 

bearing races 

Large 

misalignment 

with upper 

sprocket 

Belt jumps the 

sprocket and 

ceases to drive 

generator 

Misaligned 

bearing races 

Tighter 

tolerances on 

bearing races 

Component Function Failure Mode Consequence Cause Mitigation 

Upper and 

lower 

tensioning 

Maintain tension 

in driving belt 

Teeth on 

sprocket break 

under stress 

Possible belt 

slippage and 

failure 

Over tensioned 

belt 

Adjustable 

tensioning 

system 
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sprockets 

Material failure 

at sprocket hub 

Power 

generation 

system ceases to 

function 

Material defects 

in sprocket near 

the hub 

Rigorous 

inspection of 

sprocket before 

installation 

Corrosion near 

the sprocket hub 

Use of 

corrosion 

resistant 

materials 

 

Component Function Failure Mode Consequence Cause Mitigation 

Hydrofoil Generate lift 
Ceases to 

generate lift 

No force to 

drive power 

generation 

system 

Stress beyond 

the yield 

strength of the 

hydrofoil 

material 

Reinforcing 

structure for 

hydrofoil 

Generator 

Conversion of 

circular motion 

into electricity 

Generator  

ceases to 

generate power 

Machine does 

not generate 

power 

Invasion of 

water 

Waterproofing 

mechanism for 

generator 

 

Component Function Failure Mode Consequence Cause Mitigation 

Lower bearing 

block 

House lower 

sprocket bearings 

Material failure 

around lower 

bearing races 

Bearings come 

loose from 

lower bearing 

Weakening of 

bearing race 

walls due to 

Use of 

corrosion 

resistant 

Component Function Failure Mode Consequence Cause Mitigation 

Support frame 

Maintain proper 

alignment of all 

critical 

components 

Collapse of 

frame 

Catastrophic 

mechanism 

failure 

Weakening of 

fasteners due to 

corrosion 

Use of 

corrosion 

resistant 

material 

Frame material 

experiences 

stress beyond 

yield strength 

Finite element 

analysis on 

structure to 

allow for twice 

maximum 

expected stress 

Slight 

misalignment 

of critical 

components 

Loss of 

efficiency 

Excessive 

friction on drive 

belt 

Use of lock 

nuts and 

washers to 

ensure tightness 

of mechanism 

Keep structure 

secure in a 

variety of flow 

speeds 

Structure 

overturns 

Catastrophic 

mechanism 

failure 

Failure of 

mechanism 

anchoring 

system 

Use of anchors 

that withstand 

twice highest 

expected stress 
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block corrosion material 

Bearing race 

diameter milled 

out of tolerance 

Use of a CNC 

mill for 

manufacture of 

this part within 

tolerances 

Failure of 

bearing 

retaining 

mechanism 

Race diameter 

too large for 

proper press fit 

Re-machining 

of part with a 

tighter diameter 

tolerance on the 

press fit 

diameter 

Transfer of stress 

to frame 

Material failure 

at frame 

mounting points 

Stress is not 

transferred 

properly to the 

frame 

Weakening of 

mounting points 

due to corrosion 

Use of 

corrosion 

resistant 

material 

Lack of 

supporting 

material around 

mounting points 

Design part 

with sufficient 

material around 

mounting points 

Failure of 

fasteners at 

frame mounting 

point 

Guide rode 

becomes 

detached from 

frame and 

hydrofoil is 

destroyed 

Corrosion of 

fasteners 

Use of 

corrosion 

resistant 

materials 

Defects in 

fasteners 

Rigorous 

inspection of 

fasteners before 

installation 

Properly align 

lower sprocket 

bearings 

Bearings 

improperly 

aligned 

Misalignment 

of lower 

tensioning 

sprocket with 

upper sprocket 

Bearing 

installed 

incorrectly 

Remove and 

reinstall 

bearings 

Debris in 

bearing races 

prior to 

installation 

Ensure bearing 

races in proper 

condition 

before 

installation 

 

 

Component Function Failure Mode Consequence Cause Mitigation 

Upper bearing 

block 

To house upper 

sprocket bearings 

Material failure 

of upper 

bearing races 

Improper 

alignment of 

upper sprocket 

Weakening of 

bearing race 

walls due to 

corrosion 

Use of 

corrosion 

resistant 

material 
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Lack of 

supporting 

material around 

bearing races 

Design part 

with sufficient 

material around 

bearing races 

Failure of 

bearing 

retaining 

mechanism 

Upper sprocket 

becomes 

detached from 

machine 

Press fit 

machined 

outside of 

tolerances 

Use of a CNC 

mill for 

manufacture of 

this part within 

tolerances 

Transfer of stress 

to the frame 

Shearing of 

mounting 

hardware 

Stress is not 

transferred 

properly to the 

frame 

Material defects 

in mounting 

hardware 

Rigorous 

inspection of 

mounting 

hardware 

Weakening of 

mounting 

hardware due to 

corrosion 

Use of 

corrosion 

resistance 

materials 

Material failure 

at frame 

mounting points 

Material defects 

in upper bearing 

block at 

mounting points 

Re-machining 

of part 

Lack of 

sufficient 

material around 

mounting points 

Redesign of 

part with 

further 

reinforced 

mounting points 

Properly align 

upper sprocket 

bearings 

Bearings 

improperly 

aligned 

Binding of 

upper 

tensioning 

sprocket 

Improper 

machining of 

bearing races 

Re-machining 

of part with 

proper bearing 

races 

Bearing races 

not within 

proper 

geometric 

tolerances 

Use of a CNC 

mill for 

manufacture of 

this part within 

tolerances 
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4. Design 

i. Parameters 
The first Functional Requirement was that the design must extract kinetic energy 

from a horizontal fluid flow.  This specifies that the generator is to extract energy from 

the ebb and flow of the tides, rather than utilizing the potential energy of the difference in 

water height caused by the tides. The Design Parameter for this Functional Requirement 

was to use an airfoil to create lift forces, which would then be converted into electrical 

energy.  This was the only Design Parameter for this Functional Requirement because the 

sponsor requested that an airfoil be used. 

 

The next Functional Requirement was that the design must utilize bi-directional 

flow. This was crucial because the generator must work with the tide flowing both in and 

out. There were three Design Parameters that fulfilled this Functional Requirement. The 

first was to allow the entire generator to swivel so that it would be properly aligned with 

the flow, similar to the way in which old-fashioned windmills work.  This design 

benefited from being able to use traditional airfoil designs.  It also would allow the 

generator to operate with water flowing in any planar direction.  However, the cons of 

having large moving parts outweigh the above stated benefits. Since it is not guaranteed 

that the system will rotate with the tide, it would constitute a big risk of failure. The next 

Design Parameter was to use a traditional airfoil and have some kind of mechanism that 

could flip the airfoil such that it would be correctly oriented with respect to the flow. The 

drawback here was that the flipping mechanism would introduce many complexities into 

the design. The final parameter is employing a bi-symmetric airfoil. The advantage of 

using a bi-symmetric airfoil is that it would allow for a less-complex design. The 

disadvantage is that it will not provide as much lift as a standard air foil. The air foil will 

be able to utilize flow in either direction without and flipping or rotation required. This 

proved to be the best Design Parameter, despite its drawbacks, to fulfill the bi-directional 

FR because it allows the use of traditional airfoils while still keeping complexity at a 

minimum. 
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The next Functional Requirement was that the design must be scalable to multiple 

coastal environments. The power generating capacity of a tidal generator increases as the 

size increases, so it would be beneficial to build the largest possible size generator that 

will fit in a given coastal environment.  There were two options for fulfilling this FR.  

The first would be to custom build a generator to a given environment. While this would 

result in the most efficient application, it would drive up development and manufacturing 

costs.  The other option was to design only a single, smaller size system and then use an 

array of generators instead of one large generator. This would provide redundancy; if a 

single generator fails, there would still be others continuing to operate. It also makes 

manufacturing much simpler, since there would be only parts for one size design instead 

of multiple.   

 

The next Functional Requirement was that the design must withstand seawater.  

The only practical Design Parameter that satisfies this FR is to construct the system out 

of materials that are entirely non-corrosive.  

 

The final Functional Requirement is that the system must operate reliably.  This 

applied mostly to the method of power transmission to the electrical generator. Three 

designs fulfilled this FR.  The first was to use a crank and rod mechanism to translate 

periodic linear motion into rotational motion.  The benefits of this system were that the 

crankshaft could continuously rotate in one direction, and could therefore build up kinetic 

energy that would help keep the generator going once motion had begun. (Even more so 

if a flywheel was used.) The downsides of such a system were that the transmitted torque 

would vary as the crank rotated, with the effect of having a maximum torque in the 

middle of the airfoil's stroke, and minimum torque at the extremities of the stroke.  This 

could lead to stalling of the airfoil, and would likely cause the mechanism to be incapable 

of self-starting. The next design aimed at this FR was a rack and pinion system.  A rack 

would be mounted along the airfoil's direction of travel, and the pinion gear would be 

attached to a stationary electrical generator. As the airfoil moved up and down, the rack 

would turn the pinion gear, driving the generator.  This design would have the lowest 

mechanical losses of energy, but at the top of the stroke the rack would extrude above the 
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support structure, posing a threat to marine life, and also effecting size constraints. 

Underwater debris could also cause problems if they were to get lodged between the rack 

and the gear, causing the system to jam. 

 

The last Design Parameter was to use a synchronous belt and pulley system.  This 

system, like the rack and pinion, had the benefit of always transmitting the same amount 

of torque regardless of the airfoil's location. Technical documentation also shows that a 

properly set up synchronous belt and pulley system is up to 98% efficient.  The belts 

should also have very minimal stretching or deterioration over time. For these reasons, 

the belt system was chosen as being the best Design Parameter to satisfy the reliability 

Functional Requirement. 

 

Using these Design Parameters, three preliminary designs were modeled.  The 

first was the linear oscillating wing design.  See Figure A1 in appendix.  This design 

utilized a single airfoil that generates lift, which caused it to move along its vertical guide 

rods. At the ends of the stroke, the airfoil's pitch reversed so that it traveled in the 

opposite direction. In this way, the airfoil‟s movement is limited to the vertical plane.  

Originally, a rack and pinion system was used to translate the linear motion into the 

rotational motion that drives the generator.  However, in light of comments made after 

our Critical Design Review presentation, it was decided that the synchronous belt and 

pulley system would be a more effective design. 

 

The next preliminary design was the 'See-Saw' generator. See Figure A2 in 

appendix.  This design was similar to the linear oscillator in that they both have 

oscillating periodic motion. The “See-Saw”, however, had airfoils mounted at opposite 

ends of a lever arm, with the axle and generator at the center. The airfoils pitched so that 

they both created torque about the axle, which then rotated and drove the electrical 

generator. At the end of the stroke, the airfoils reversed pitch, and the motion reversed.  It 

was decided that this system would be too complex with the mechanisms required to 

control the pitching of the airfoils, so this design was not chosen. 
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Another preliminary design was the horizontal turbine. See Figure A3 in 

appendix. This design consisted of three airfoils mounted parallel to the axis of rotation.  

Once rotating, the airfoils generated lift, which created torque about the axis, regardless 

of their location. This allowed fluid flow coming from any direction perpendicular to the 

axis of rotation to be utilized. Because this design that has been done many times in the 

past, and because the sponsor wanted a novel design, the horizontal turbine design was 

not chosen. 
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ii. Block Diagram 
 A block diagram is a simple way of showing how the major components of a 

design work together to create the desired result.  The tidal power generator has a 

relatively simple diagram.  It consists of a linear oscillating wing, which captures the 

kinetic energy of a fluid flow with a bi-symmetric airfoil.  This wing is connected to a 

mechanical linkage, which is a belt system that converts the airfoil‟s linear motion into an 

axial motion that will be useful to the generator.  The final component is the axial 

generator, which converts axial motion into useable power.  The block diagram can be 

seen below in Figure 3. 

 

 

 

 

 
 

 

Figure 3: Block Diagram 
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iii. Final Design Decomposed 

a. The Airfoil 

 An airfoil (or hydrofoil if used in water) is a device that generates lift when it 

encounters a fluid stream.  The lift generated depends on the angle of attack with of the 

airfoil with the flow stream.  Since our flow situation (sea water at 1 meter per second) is 

a low Reynolds number situation, the airfoil that we have decided to use a bi-symmetric 

airfoil.  This is an elliptical airfoil that is symmetric across the chord and the mid-line. 

Calculations have shown that this type of airfoil will be most efficient for our predicted 

conditions. This airfoil will move up and down on two shaft supports.  This movement 

will be converted into axial motion that is useful to the generator by the belt drive system.  

A picture an airfoil can be seen in Figure 4. 

 
Figure 4: Bi-Symmetric Airfoil 

b. The Belt Drive 

 A belt drive consists of a belt and four sprockets.  One sprocket is placed at the 

top of the structure and one is mounted on the generator input.  Two additional sprockets 

run the belt underneath the lower support brace. The generator is mounted with a 

semicircular tie down that allows for the mounting of two bolts through a slot. The slot 

allows the generator to translate and add or relieve tension on the belt. The airfoil is 

attached to the belt through the bearing blocks, and the vertical motion of the airfoil 

moves the belt to generate power.  This is the mechanical linkage that was determined to 

be the best fit for the design.  A description of the generator can be seen in the next 

section. 

c. The Generator 

A generator is a device that converts mechanical energy to electrical energy. For 

the purpose of this project, mechanical energy generated from the horizontal motion of 
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the tides will be converted to electrical energy using a Permanenent magnet DC 

generator. A linear generator was considered for this project as the motion of the 

hydrofoils are in fact linear. However, that concept has not carried through because linear 

generators are not available off the shelf and an attempt to manaully construct one will 

not guarantee maximum efficienency. Hence, a more available axial generator will be 

used, with a belt system which converts the linear motion of the mechanical system into 

circular motion.Specifications 

 Rotation: Either direction - The red or white output wire is positive for clockwise 

rotation from the shaft end. 

 Speed: Zero to 5,000 rpm (84 Hertz) - generates at all speeds 

 Resistance: Internal resistance 21 ohms. Inductance 40mH.  

 Magnets: Two high-energy saturated C8 ceramic magnets.  

 Shaft: Steel 8mm (5/16") diameter, 38mm length, with 1mm full-length flat.  

 Armature: 12-slot armature 42mm diameter wound magnet wire Brushes: 6.3 x 

4.7mm x 8mm long brush assemblies including spring, pigtail,  

 Bearings: Two double-sealed 26mm OD ball bearings  

 Weight: 1.5Kg (3.3lb)  

 Dimensions: 150x150x300mm (6x6x12in).   

 

Figure 5: Generator and Dimensions 

Performance 

This generator operates at 2.5A for a 10 minute run time, 2Afor a 15 minute run 

time and 1.5A continuously.  Open-circuit voltage is the difference of electrical potential 
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between two terminals of a device when there is no external load connected. A short 

circuit in an electrical circuit is one that allows a current to travel along a different path 

from the one originally intended.  

 

The electrical opposite of a short circuit is an open circuit. These two parameters 

give us some information regarding the current and voltage output of our generator. The 

belt system, will work to gear up the mechanical linkage, so that generator sees a certain 

RPM.  If it is operating at 750RPM   with no load, the voltage produced will be 30V, one 

other hand, if the circuit was shorted, the current produced will be 1.5A.  

Since:  

Power = IV 

Where I-current 

           V-voltage 

Theoretically, one can generate up to 45W continuously from the generator, given this 

RPM. However, load is never actually zero, so the power produced will be reduced.  

Knowing the open-circuit and short-circuit voltages and currents respectively, we 

can operate the machinery such that the generator also acts to control the speed with 

which the hydrofoil moves. At a constant power, varying the current or voltages at which 

it operates change the resistance of the generator and consequently the speed of the 

hydrofoil. 

d. Waterproofing 

One of the biggest challenges in the design of the tidal power plant was to waterproof 

the design so it could withstand long periods of time completely submersed in sea 

water.  It was decided that the entire belt drive, the axial generator, and the guide rods 

and bearings for the air foil needed to be completely sealed from the water.  This was 

because of their vulnerability to corrosion as well as the possibility of debris 

infiltrating the moving parts and causing binding or excess friction.  The 

waterproofing was accomplished by encasing all of these parts on a bellows-type seal 

that allowed motion while keeping the parts in an water-tight compartment.  These 
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bellows were then encased in a smooth elliptical shell that minimized disruptions to 

the flow, which could possibly reduce the efficiency of the design.  A picture of the 

waterproof design with the bellows seal can be seen below in Figure 6.  

 

 
Figure 6: Waterproof Design with Bellows Seal 

 

System Build 

 The tidal power plant final prototype has been constructed with three main 

components.  These components are the airfoil, the belt drive, and the generator.  The 

vulnerable parts can easily be waterproofed. 

 The airfoil was built from fiberglass using a foam mold that was cut out using the 

CNC foam cutter.  The team custom designed the profile for the airfoil because there are 
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very few standard bi-symmetric airfoil profiles.  It was decided to keep the NACA 16 

leading edge the same and to mirror that shape over the centerline in order to shape the 

trailing edge.  The mold consisted of two halves of the foil, which were laid with 

fiberglass.  Wood struts were then placed at intervals along the length of the airfoil with a 

carbon fiber spar running along the span to add structural support and prevent breakage.  

Finally the two halves were joined together creating the bi-symmetric airfoil. 

 The belt drive consisted of two vertical guide shafts that the airfoil was attached 

to with a circular bearing block containing linear bearings allowing for smooth travel up 

and down the shafts.  Also attached to the bearing block was a linear gear which meshed 

with the timing belt and caused the belt to move up and down.  The bearing blocks on 

both sides of the design had this timing belt construction in order to control movement 

and ensure that the airfoil was level at all times.  This prevented binding.  The belt was 

then attached to gears on a horizontal shaft at both the top and bottom of the design.  This 

shaft connected the two timing belts together so they much moved at the same speed.  

The gears on the bottom shaft were free to rotate and served to keep tension and 

alignment.  The top shaft was where linear periodic motion was transferred into a 

constant axial motion.  Two bevel gears with bearing clutches were the placed opposing 

each other on the top shaft.  This meant that while the airfoil was moving upward only 

one of the gears was engaged.  When it moved downward, the other gear was engaged.  

Since they are opposing each other they both rotate in the same direction.  A third bevel 

gear was placed in between these two gears at a 90° angle.  This gear was constantly 

spinning in one direction and provided this constant axial motion to the generator.  The 

sealed compartment on the other side of the design was made identically so that another 

generator can be placed there is if is needed. 

 At the top and bottom of the design curved deflectors were placed in order to 

deflect the flow vertically.  This was how the angle of attack of the airfoil was flipped 

when the foil reached the top or bottom of the stroke.  These deflectors were placed on 

both the front and back of the prototype to allow for operation in either direction. 

 The generator was purchased off the shelf and was selected because of its high 

efficiency even at low rpm‟s. The output of the generator was then connected to a control 

circuit which consisted of a potentiometer. The purpose of this was to increase or 
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decrease how much power was actually taken out of the device. This ultimately 

controlled the speed at which the wing was moving.  If the wing was moving too fast, the 

value of resistance in the potentiometer would be increased in order to take out more 

power and hence slow down the wing. Conversely, if the wing was moving too slow, the 

value of resistance in the potentiometer would be decreased so the wing could pick up 

speed.  

 The power output was monitored by connecting a digital potentiometer across the 

potentiometer. This device gave a real time break down of how much voltage is being 

supplied to the potentiometer.  Since P=V
2
/R, we then multiplied this voltage by the 

resistance to get the power. 

 The last step of the build was to waterproof the design.  First, the generator and 

about four inches on each end of the top and bottom horizontal shafts were placed into 

sealed compartments at the top and bottom of the design.  Next, the vertical shafts were 

encased in two bellows seals.  These were joined at the bearing block, which had holes 

machined through it to allow air to pass through from one bellows to the other.  The top 

and bottom of the seals were then connected to the waterproof compartments at the top 

and bottom of the prototype.  The bellows were then placed inside an aerodynamic shell 

to prevent them from causing disturbances in the flow and affecting our efficiency.  This 

provided waterproofing and streamlining to the entire design in order to maximize the 

efficiency of the design. 

5. Testing 

Generators 
 Linear Generator 

Purpose 

 A linear generator was considered to be optimal because it did not require 

translation of the airfoil‟s linear motion into an axial motion.  A linear generator produces 

power using the theory of induction in which a magnet will induce an electro-magnetic 

force (EMF) when it is passed through a coil of wire. The purpose of this experiment was 

to determine the power output of the linear generator for various RPMs.  This determined 

the suitability of a linear generator for this project. 
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Equipment 

 Linear non-magnetic rod containing 6 magnets 

 Two 600 turn wire coils in series 

 Oscilloscope 

Method 

1) Align the magnets in the reversed pole configuration inside the rods 

2) Pass the coils over the rod at 20, 40, 60, and 80 RPMs 

3) Measure the EMF induced for each RPM tested 

4) Repeat steps 1-3 using both 100 and 1000Ω resistors 

5) Repeat steps 1-4 using the aligned pole configuration 

Data 

Linear Generator       

RPM 

Pole 

Location 

EMF 

(V) 

Resistance 

(Ω) 

Power 

(W)       

20 

Reversed 
0.10 100 1.00E-04       

0.10 1000 1.00E-05 Aligned Reversed  

Aligned 
0.08 100 6.40E-05       

0.08 1000 6.40E-06  S   N  

40 

Reversed 
0.15 100 2.25E-04         

0.15 1000 2.25E-05         

Aligned 
0.12 100 1.44E-04         

0.12 1000 1.44E-05  N   S  

60 

Reversed 
0.20 100 4.00E-04       

0.20 1000 4.00E-05  S   S  

Aligned 
0.17 100 2.89E-04         

0.17 1000 2.89E-05         

80 

Reversed 
0.25 100 6.25E-04         

0.25 1000 6.25E-05  N   N  

Aligned 
0.23 100 5.29E-04       

0.23 1000 5.29E-05       

Table 7: Linear Generator Test Data 

Results 

 Theoretically the linear generator should have produced  



max N AB   (volts) 
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where N is the number of turns, A is the area of the coil, B is magnetic, and equivalent 

angular velocity.  At 400 RPMs  



maxV and Power = .003 W.  The maximum voltage 

produced was 6.25E-4 volts. This was significantly less voltage than expected due to a 

variety of factors.  The magnets were not strong enough, the coils did not have enough 

turns, and the non-magnetic rod was causing friction losses when it passed through the 

coils.  All of these greatly deteriorated the induced EMF.   

Conclusion 

 Considering time and budget restraints the linear generator was not a good 

solution for this project.  It was recommended that the generator be retested using bigger 

magnets, coils with more turns, and a more precisely machined non-magnetic rod.  With 

these improvements the linear generator could be an extremely efficient solution for 

power generation in this project; however, the team has neither the time nor the money to 

pursue this generator further. 

  Reversed Motor 

Purpose 

 A generator can be made by running a motor in reverse, turning the shaft and 

extracting power.  This was the next type of generator the team tested.  This option was 

chosen for its cost effectiveness.  A motor that meets the needs of this team was only $10 

while a similar generator was upwards of $200.  The major drawback of this design was 

that a motor is far less efficient at producing power than a generator.  This experiment 

tested the efficiency of the motor in order to determine its viability in this design. 

Equipment 

 Motor to be tested 

 Drive motor to turn the test motor 

 Oscilloscope 

Method 

1) Attach identical gears to both the drive and test motor  

2) Mount the motors so the gears are meshed 

3) Supply voltage, 0.5, 1, 2, and 3 volts to the drive motor 

4) Measure the corresponding voltage out of the test motor 

5) Measure the efficiency by dividing the voltage out by the voltage in 
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Data 

 

Reversed Motor 

RPM Voltage In (V) Voltage Out (V) Efficiency 

500 0.50 0.15 30.0% 

1000 1.00 0.40 40.0% 

2000 2.00 1.00 50.0% 

3000 3.00 1.70 56.7% 

Table 8: Reversed Motor Test Data 

 

Results 

The reversed motor was more efficient as RPMs increased.  It did not match the 

80% efficiency of a generator at any point, though.  The current design will produce no 

more than 60 RPMs.  At this speed the motor is about 30% efficient.  For the expected 

RPMs of this project, the reverse motor was not a good choice. 

Conclusion 

 It is recommended that both the reversed motor and the generator be field tested 

for this design.  The reason for this is that the generator requires significant force to turn, 

while the motor‟s required force is negligible.  This may compensate for the lack of 

efficiency in the motor leading to the motor as a better choice for economic reasons.  

 

 Verification 
Purpose 

 This plan provides a test schedule for the verification stage of our build.  It will be 

testing the lower level requirements of our prototype power generator.  When concluded, 

these tests will allow us to make any necessary revisions to our design.  It will also let us 

know which parts of our design are successful.  After revisions are made we will conduct 

the validation test will be performed to ensure all upper level requirements are met. 

 

 Equipment 

 Wind Tunnel 

 Digital Multimeter 



 

  
Page 46 

 
  

 Variable Resistor 

 Light Activated RPM Sensor 

 10 W Light Bulb 

 Computer Software for Sensors 

 

Methods 

 

(1) Mount device in test chamber with solid links ensuring that all parts will stay in place. 

Ensure that device frame is strong enough to withstand anticipated structural loads.  

 

(2) Starting from zero slowly increase tunnel speed in increments. 

The maximum tunnel speed is 30m/s. With a chord length of 0.06m and a kinematic 

viscosity of 1.510
-5

m
2
/s the chord Reynolds number will be 120,000. 

 

(3) For each tunnel speed increment (e.g. 3m/s) visually inspect model and judge its 

integrity and solid mounting in the tunnel. 

 

(4) For each tunnel speed increment increase electrical load from 0 until generator RPM 

is zero. 

Measure voltage drop across resistor and current going through resistor. Compute 

electrical power, P=UI, and measure RPM. Write down power and RPM. 

 

(5) Take movies and still pictures for presentation. 

 

(6) Plot power over RPM for different tunnel speeds. 

 

(7) Use prediction software that was developed for project. Carry out computations and 

compare with measurements. 

 

 

 



 

  
Page 47 

 
  

 

Testing 

Requirement Test 

Measurement 

Procedure Metric 

Expected 

Result 

Actual 

Result 

Pass 

/ 

Fail 

Mount in 3‟ 

wind tunnel 

test section 

Confirm 

rigidity of 

mounting and 

model 

Visual 

Inspection N/A   P 

Extract 

Power from 

Flow 

Place in a 

flow and 

ensure the 

airfoil moves 

as expected Measure RPM RPM 20 200 P 

Submersible Place in 

Water 

Visual 

Inspection 

Water 

Penetration Waterproof  F 

Test Linear 

Generator 

Test in Wind 

Tunnel/Hydro 

Chamber 

Measure 

Current and 

Resistance Watts 5 4.9 P 

Table 9: Verification Test 

Test Failures 

 Due to time constraint and the lack of water testing facilities it was decided that 

the model was not to be water-proofed which means that the water-proofing requirement 

was not met.  The model was, however designed to be waterproof and could be sealed 

very quickly for future water testing. 

 Due to limited time in the wind tunnel, varying speed increments and resistance 

measurements were not tested.  The team decided it was more important to prove the 

concept with the allotted time than to conduct a complete test array and potentially gain 

nothing from the experiment. 

Conclusion  
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 All requirements except waterproofing were met or exceeded.  The high RPM 

results were due to air testing because air is less viscous and thus does not provide as 

much resistance to motion as water.  The RPMs should fall into the expected range when 

water testing occurs.  Power generation should remain constant or increase due to the 

increased force with which water will push the wing. This prototype is a viable model 

that is promising for future testing and application in tidal power. 

 

 Validation 
 

Purpose 

 This plan provides a schedule for the validation stage of our build.  It will validate 

the upper level requirements of our final power generator.  When concluded, these tests 

will tell us whether our build, and ultimately our project, are successful.  It will allow us 

to make minor revisions to our final design before we present it at Design Day.   

 

Equipment 

 Wind-Tunnel 

 Variable Resistor 

 Volt-meter and Amp-meter (need to measure both simultaneously) 

 Light Activated RPM Sensor 

 Timer 

Methods 

(1) Mount device in test chamber with solid links ensuring that all parts will stay in place. 

Ensure that device frame is strong enough to withstand anticipated structural loads.  

 

(2) Starting from zero slowly increase tunnel speed in increments. 

The maximum tunnel speed is 1m/s. With a chord length of 0.06m, a kinematic viscosity 

of 10
-6

m2/s the chord Reynolds number will be 60,000. 
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(3) For each tunnel speed increment (e.g. 0.1m/s) visually inspect model and judge its 

integrity and solid mounting in the tunnel. 

 

(4) For each tunnel speed increment increase electrical load from 0 until generator RPM 

is zero. 

Measure voltage drop across resistor and current going through resistor. Compute 

electrical power, P=UI, and measure RPM. Write down power and RPM. 

 

(5) Take movies and still pictures for presentation. 

 

(6) Plot power over RPM for different tunnel speeds. 

 

(7) Use prediction software that was developed for project. Carry out computations and 

compare with measurements. 

 

(8) Compare with Betz limit. 

 

(9) Estimate efficiency. 

 

Utilizing material properties analysis, ensure the material used will withstand sea water, 

without corroding or becoming toxic, for four years. 
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Testing 

Requirement Test 

Measurement 

Procedure Metric 

Expected 

Result 

Actual 

Result 

Pass 

/ 

Fail 

Extract 

Energy 

Efficiently 

Measure 

power 

produced 

and 

compare 

to Betz 

limit 

Measure 

Voltage and 

Current to find 

Power Watts 2 0.005 P 

Operates 

Reliably 

Allow to 

function 

in test 

chamber 

for over 

500 

cycles 

Use Light 

sensor to 

measure RPMs 

and a timer to 

measure time Cycles 500 20 F 

Submersible 

in Sea Water 

Analysis 

of 

Materials 

Theoretical 

Analysis of 

Materials Used 

Water 

Penetration/Corrosi

on 4 years 

0 

years F 

Utilize Bi-

Directional 

Flow 

Measure 

Power 

Output in 

both 

Directions 

Measure 

Voltage and 

Resistance to 

find Power Watts 

Equal 

power 

generation 

in both 

directions 0 F 

Non-

Corroding 

Materials 

Analysis 

of 

Materials 

Theoretical 

Analysis of 

Materials Used 

Harmful Chemicals 

Produced 4 years  P 

Table 10: Validation Test 
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Expected Power Results  

IN AIR 

Flow Speed [m/s] Expected RPM Expected Power [W] Betz Limit % Efficiency  

5.00 26.00 0.10 6.83 1.46 

10.00 51.00 0.80 54.62 1.46 

15.00 53.00 2.90 184.34 1.57 

20.00 83.00 7.10 436.95 1.62 

     

IN WATER 

Flow Speed Expected RPM Expected Power [W] Betz Limit % Efficiency  

0.20 7.00 0.04 0.36 11.02 

0.40 13.00 0.30 2.90 10.33 

0.60 15.00 1.00 9.80 10.21 

0.80 19.00 2.38 23.23 10.25 

1.00 21.00 4.75 45.36 10.47 

1.20 20.00 8.20 78.39 10.46 

1.40 21.00 11.98 124.48 9.62 

1.60 22.00 19.29 185.81 10.38 

Table 11: Expected Power 

Test Failures 

 Due to the water tunnel being broken the final design was tested in air.  This lead 

to a higher RPM than expected which split our wing and loosened it from the spar.  It 

also overcame the holding power of various set screws causing unforeseen rotation of 

parts.  These circumstances lead to a failure in reliability.  The design was intended for 

water, however, so all analysis has shown that under slower moving marine conditions 

the design should be robust. 

 As stated above the design was not water-proofed due to lack of a water testing 

facility and time constraints. 

 The final prototype called for deflector at the top and bottom of both the front and 

back of the design.  In theory these defectors should have caused a jet to push on the foil 

when it neared the end of its stroke, thus flipping it and allowing it to travel in the 

opposite direction.  Upon test it was found that the deflectors were acting as a nozzle and 

increasing flow speed, but not diverting the air and causing the foil to flip.  The defectors 

were removed to insert proven bumpers in order to cause the direction change.  The 

downfall was that the bumpers work in one direction only causing the prototype to fail 

the bi-directional requirements.  This decision was made in order to collect data and 

salvage the wind tunnel time as best as possible. 
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Conclusion  

 The system was tested at a wind speed of 40 mph.  At this speed, the theoretical 

power produced by the Betz limit is approximately 200 W.  The prototype‟s output was 

approximately 5 mW.  This is 0.0025% of the Betz limit.  This implied that the system 

was experiencing significant losses.  These losses will be approached in the design results 

section and suggested solutions can be found in the conclusions and recommendation 

section. 

 As a more detailed proof of concept this test was a success.  Unfortunately, lack 

of a water testing facility caused this experiment only to be a more thorough proof of 

concept rather than a finalized design.  In the recommendation section a few concepts 

have been outlined to further the design and eventually lead to success in all requirements 

and readiness for real-world testing and use.   

6. Design Results 
 As a whole, the final prototype of the tidal power plant is a successful design.  

The prototype was able to work properly in an air flow with a comparative Reynolds 

number to the expected tidal flow.  Although the power extracted did not meet 

expectations the design was able to extract power and worked as expected.  Minor 

changes in design, such as generator choice, should increase power output to expect 

levels.  Also, if a larger test area is available, a larger model would produce more power.  

The design has been proven to have the potential for success with a few minor changes 

and more testing it could become a powerful alternative energy producer. 

7. Conclusions and Recommendations 
Tidal power is a highly unexploited source of renewable energy.  Current designs in use 

to extract tidal power often are harmful to the environment.  The purpose of this design is 

to address this issue and to invent a tidal power generator that is both efficient and does 

not harm the marine ecosystem. 

 Many design concepts were considered during the process of creating a model.  

Three designs were chosen for initial analysis the see-saw, the H-type, and the linear tidal 

generator were selected.  An initial Pugh Chart analysis allowed the H-type and see-saw 

designs to be eliminated.  Thus, it was decided that the linear tidal generator would be the 
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prototype to be built and tested.  This generator consisted of a hydrofoil moving 

vertically and powering a generator which would produce power. 

 Another major design consideration was the choice of a generator.  A linear 

generator, a reversed motor, and an off the shelf generator were all considered.  Another 

Pugh chart analysis made the linear generator seem to be the ideal choice.  However, 

after testing it was determined that an efficient linear generator required many man hours 

of machining as well as a high expense.  For this reason it was decided that the prototype 

would be tested with both a reversed motor and an off the shelf generator.  This was 

because while the generator is more efficient, it added a lot of resistance into the system 

which the hydrofoil lift may not overcome.  The reversed motor had negligible resistance 

and thus may have made up for its inefficiency through easy of motion. 

 The last major design consideration was water-proofing.  Many considerations 

were made from purchasing all corrosion resistant parts to isolating the towers containing 

all the moving parts with a linear seal allowing only the hydrofoil to be exposed.  It was 

decided for economic reasons as well as for time constraints to isolate a top and bottom 

chamber in the towers.  These chambers contain the generator, gears, and bearings.  

Bellows seals encased the vertical shafts and allowed the linear motion a way to be 

translated to the generator in the top chamber.  Thus the towers filled with water but the 

top and bottom chambers and inside the bellows connecting them remained air tight. 

 Initial testing was a proof of concept type testing which allowed verification of 

the design and insured that the final design would work in both the wind and water 

tunnels.  Final testing was conducted in the wind tunnel due to the water tunnel being 

under repair and unavailable for use.   In the final testing of the prototype it was decided 

not to water-proof the model in order to save time since water testing was no longer an 

option.  The final prototype was originally supposed to use deflectors to change the wing 

direction.  The deflected air did not behave as theorized so flipping tabs were added to 

the design, thus removing bi-direction flow capabilities.  Aside from that the prototype 

met expectations, producing a low wattage of 5 mW with a small motor running in 

reverse.  The prototype was not able to turn the more efficient generator but with a bigger 

airfoil testing of the large generator indicates a potential of up to 50 watts of power.  As 

was shown in Table 11 above the expected result for 17 m/s flow was 5 W of power.  
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This could have been obtained with the large generator, but only the small motor was 

able to be tested.  It was highly inefficient in extracting power and so caused the potential 

not to be reached. 

 The first recommendation is the installation of jets to redirect the flow vertically 

and provide a method of changing the hydrofoil direction at the end of its stroke.  This 

will provide the necessary bi-directionality in the original functional requirements.  Also, 

a larger hydrofoil will provide more life and be able to produce more power.  If possible 

the next prototype should increase in size in order to optimize performance.  Next, an off 

the shelf generator should be used in order to provide maximum efficiency in power 

production from axial motion.  Finally an autonomous control program that controls 

angle of attack and RPM with changing flow speeds would greatly increase the efficiency 

of the design. 

 In conclusion, the design is viable but it requires a few changes and more 

extensive testing in a marine environment.   
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10. Appendix 

Gantt Chart 
A Gantt chart is a  chart that illustrates a project schedule from the start date to the 

finish date and s summary of elements of the project.It also includes the work breakdown 

structure and dependency of activities on other activities. A Gantt chart is useful for 

illustrating the critical path of the project. The critical path is a series of tasks that must 

be completed on schedule in order to keep the entire project on schedule. Such tasks are 

also known as critical tasks, and these tasks are outlined in red. 

 

 As shown on the Gantt chart, the project started on September 1, 2009 and will go 

on until May 4, 2010. Currently, the team is on schedule to complete the project by this 

deadline. Tasks leading up to the selection of the final design have been completed and 

parts are being ordered to build a prototype. The plan is to have a protoype built before 

the spring semester to commence testing in early January. After testing and analyzing this 

prototype, the team will modify the design and build a full scale model for testing off the 

coast of San-Diego and will present this design on design day. 
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Bill of Materials 
 

 The bill of materials is a list of parts and prices, which will allow the overall cost 

of the design to be estimated.  It has been itemized into four major components, the same 

three components used in the block diagram and the structural support.  The bill of 

materials presented below is for the prototype design.  As we test the prototype a more 

accurate bill of materials will be constructed for the full-scale model.   

 

 The first component in the bill of materials is the structural support.  For the 

prototype the frame will be made from wood and the wing will move up and down on 

shaft supports.  The shaft supports will be manufactured from stainless steel.  The shaft, 

which runs through the wing, will also be made from stainless steel.  The shaft will move 

up and down the supports while being held in line with linear bearings. The airfoil will be 

constructed with high-density foam and shaped using a CNC heated wire cutting 

machine.  This materials and machine are free for use as they are provided by our sponsor 

(A.M.E. Faculty member).  The mechanical linkage will consist of a slot and bolt system 

that will be used to position the motor and properly tension the drive belt.  This belt drive 

system is also know as a synchronous belt drive, and the components are slightly high in 

cost and numerous. The belt and drive components alone make up more of the cost than 

any of the other subsystems. Finally the generator that has been selected is an axial 

permanent magnet DC generator.  It has significant cost, but can be reused by the full-

scale model.  Money for wiring the generator has also been allotted.  See Table 7 for the 

indented bill of materials which includes a cost analysis for each subsystem previously 

mentioned. 

System Part Part # Supplier Material Quantity 
Price 

Each 
Total 

Structural 

Shell   

Quick 

Tanks Inc. 

Stainless 

Steel 2 $35.16  $70.33  

Tower 

Plate   

Quick 

Tanks Inc. 

Stainless 

Steel 8 $17.30 $138.46  

Lower 

Support 

Dowel     

Stainless 

Steel 4 $16.36  $65.44  

Upper 

Support 

Dowel     

Stainless 

Steel 3 $16.36  $49.08  
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Belt End 

Plate 2553K95 

McMaster-

Carr 

Stainless 

Steel 1 $48.08  $48.08  

Mechanical 

Linkage 

Marine 

Grade 

Angle 4039T113 

McMaster-

Carr Aluminum 4 $48.42  $193.68  

Custom 

Bearing 

Block   

McMaster-

Carr Delrin 1 $37.64  $37.64  

Shaft 

Support 6068K21 

McMaster-

Carr 

Stainless 

Steel 5 $21.23  $106.15  

Timing 

Pulley 57105K14 

McMaster-

Carr   4 $7.51  $30.04  

Gear 

KSB1-

1845 QTC Gears   1 $16.39  $16.39  

Gear 

KSB1-

4518 QTC Gears   2 $32.40  $64.80  

Drive 

Bearing 

Block       8 $0.00  $0.00  

One-Way 

Bearing 4752N1 

McMaster-

Carr   2 $89.64  $179.28  

Bushing 

Shaft       1 $8.82  $8.82  

Drive 

Axle 

Bearing 4668K12 

McMaster-

Carr   6 $13.80  $82.80  

Lower 

Axle       2 $8.32  $16.64  

Bellows 

Seal   TBD   4 $150.00  $600.00  

Wing 

Radial 

Bearing 4668K9 

McMaster-

Carr   2 $17.60  $35.20  

Drive 

Axle     

Stainless 

Steel 1 $8.32  $8.32  

Rotary 

Seal 13125K75 

McMaster-

Carr Teflon 2 $18.30  $36.60  

Guide Rod 6253K13 

McMaster-

Carr 

Stainless 

Steel 4 $25.64  $102.56  

Airfoil 

Deflector     

Stainless 

Steel 4 $0.00  $0.00  

Wing Rod       1 $2.36  $2.36  

Bi-

Symmetric 

Airfoil       1 $0.00  $0.00  

Generator 
Generator 443540 

Windstream 

Power   1 $149.00  $149.00  

            TOTAL $2,041.67  

 

Table 12: Indented Bill of Materials 
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Figure A1: Assembled Final Design 

 

 

 
 

Figure A2: “See-Saw” Design 
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Figure A3: H-Type Turbine Design 
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Figure A4: Final Design Exploded View 
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Figure A5: Full Assembly 
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Figure A6:  Airfoil (NACA 0016) 
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Figure A7: Linear Bearing 
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Figure A8: Lower Bearing Block 
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Figure A9: Lower Crossbrace 



 

  
Page 69 

 
  

Figure A10: Lower Tensioning Sprocket 
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Figure A11: Generator 
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Figure A12: Oscillating Bearing Block 
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Figure A13: Guide Rod 
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Figure A14: Shaft Support 
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Figure A15: Upper Bearing Block 
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Figure A16: Upper Tensioning Sprocket 
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Figure A17: Main Support 
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Figure A18: Upper Crossbrace 
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Figure A19: Open Circuit Voltage (Generator) 

 

 

 
 

Figure A20: Short Circuit Amperage (Generator) 
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Figure A21: Power Generation (Generator) 
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The following are rough dimensional drawings of the parts used in the production of the 

final prototype. These dimensions are for reference only, and are not exact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A22: Final Design Prototype 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
Page 81 

 
  

 

 

 

 
 

Figure A23: Tower Outer Shell 
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Figure A24: Plate mounting ring 
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Figure A25: Drive Gear 
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Figure A26: Driven Generator Gear 

 

 

 

 

 



 

  
Page 85 

 
  

 
Figure A27: Lower Axle 
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Figure A28: Drive Axle 
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Figure A29: Axle Bearing Block 
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Figure A30: Guide Rod Bearing Block/Angle limitor  
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Figure A31: Pulley 
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Figure A32: Guide Rod 
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Figure A33: Bearing Clutch 
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Figure A34: Drive Axle Bearing 
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Figure A35: Guide Rod Support Angle 

 

 

 

 

 

 



 

  
Page 94 

 
  

 
 

Figure A36: Internal Tower Plate  
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Figure A37: Top Tower Plate 
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Figure A38 : Plate Spacer 
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Individual Contirbutions 
Steve Meyer- Served as team lead which required organizing all meetings, procuring 

build materials, coordinating individual tasks, tracking the team‟s budget, and 

providing weekly status reports. Also participated heavily in all aspects of 

designing each prototype including CAD renderings. Significant efforts went to 

machining custom parts and assembly for both prototypes. Finally, participated in 

testing and fine-tuning of each prototype.  

 

Megan Fleischman- Worked with Uchenna to prepare the bulk of the presentation 

slides and reports. Assisted in assembly and participated in testing. Also worked 

with Uchenna to analyze and interpret test data. 

 

Justin Powell- Crucial to procuring main towers in second design as well as securing 

wind tunnel facilities for testing. Was also influential in design and build for both 

prototypes.  

 

Uchenna Okeke- As the only electrical engineer, vital to the design of the power 

generation system and acquiring test data. Along with Megan, created most of the 

presentation slides and reports as well as the analysis of the test data. 

 

Mike Bartelt- Primary to performing aerodynamic calculations including writing 

MATLAB codes and providing power calculations. Also contributed significantly 

to build. Assisted with all testing and recording test sessions. 

 

Matt Beard- Primary to CAD modeling and design of entire final prototype. Heavily 

involved in machining custom parts and final build. Participated in testing for 

both prototypes. 
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