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Abstract
 
 The mechanical engineering senior design team was challenged to design a wave energy conversion device (WEC) that converts ocean wave energy into usable electrical energy to power the blue economy. Because wave energy is still in the early stages of development, it is a largely untapped source of potential energy that can be used to power cities and other maritime activities. For this study, a novel oscillating water column (OWC) was used as our foundational design concept.  The students were divided into two teams, a chamber team and turbine team, in an effort to design two prototypes to test as proof of concept. Each team conceptualized four basic designs and with the support of graduate students and completed a downselect and design optimization using ANSYS™ Fluent.  The designs were optimized and fabricated with North Carolina’s Coastal wave conditions taken into consideration (i.e. 1-meter wave height, 1.0Hz). Small-scale experimental tests were completed at North Carolina A&T State University’s (NCATSU) in the 5-meter wave flume. Once the small-scale prototype testing was complete two fully-assembled large-scale models were manufactured to test at the University of North Carolina Coastal Studies Institute 10-meter wave tank to investigate the impact of inlet variation on device efficiency.  The large-scale experimental tests showed that a 2:1 inlet to exit ratio chamber design showed better performance with a maximum turbine efficiency of 55.9%. 

























Team Summary
The Ocean Wave Energy research team located at North Carolina A&T State University in Greensboro, North Carolina, is a collaboration of faculty and students, graduate and undergraduate, dedicated to the research and development of wave energy conversion devices. The objective of the device is to sustainably and effectively convert wave energy into electricity. Through dedication and implementation of engineering sciences, the team has established a successful prototype and continues to work to develop full-scale device. 
	
As the world works to diversify its energy resources and reduce our carbon footprint, we are continually seeking alternative forms of energy generation. Having a sole dependence on fossil fuels produces greenhouse gases that are harmful to the environment, pose economic market uncertainty, and at times national security instabilities. Diversification of North Carolina’s coastal energy profile with green energy sources such as wave energy converters (WEC) can potentially reduce the progression of adverse environmental impacts and decrease the reliance of imported energy sources. 

Project Description
Our vision is to provide power using renewable ocean energy. We want to partner with companies interested in combining renewable energy with pre-existing technology such as Unmanned Ground/Underwater Vehicles (UGV). We are also seeking partners such as disaster relief companies to provide them with these UGVs as a way to reach disaster areas, and provide these vehicles with self-charging capabilities to reduce risks to human lives. We designed an Oscillating Water Column (OWC) that turns the kinetic energy of ocean waves into electrical energy. The electrical power generated is then stored for future use.  Our objective relies on self-charging power stations available near the coast that are powered by OWCs. Upon further research and improvements made on our OWC, we are looking to provide power to more than just self-charging power stations to include micro grid energy production.

Market Analysis
Ocean wave renewable energy is one of the top growth markets in the industry today. This market is considered a blue economy market because of its use of ocean waves and conversion into useful power. 

The Ocean Energy Aggies (OEA) S-series would be able to fit into the disaster relief market. We chose this market because the United States does not currently have onshore oscillating water columns at this time. These devices are not optimal because the waves produced in most coastal areas in the Unites States are small and contain less potential energy compared to other locations such as Scotland or Australia where these devices are optimal.  As a result, there is a unique opportunity to develop OWCs optimized for the United States and enter this market because it is still mostly untapped. Coastal disasters are common in the United States that range from earthquakes to floods. Flooded areas restrict access to emergency response personnel. With our S-series OWC, one could deploy this portable device in areas where manned access is limited and provide 24-hour reconnaissance of impacted areas with self-charging autonomous vehicles.  This can potentially save lives, survey damage, and collect data. 

In today’s market, wave and tidal energy have gone from 3.244 million USD to a projected 17.535 million USD, with a growth rate of 23.5% by the end of 2027. Disaster recovery went from 1.72 billion USD in 2016 to projected to reach 12.54 billion USD, with a growth rate of 41.8% by 2022.  Since the S-series can be a part of the disaster relief industry, the implementation of the device would be more practical than our competitors due to its compact size. 

The main projects under development across the world are large scale devices such as the Mutriku Breakwater Plant OWC (Northern Spanish Coast), which was a 3.3 million USD project. Due to its smaller size, portability, and capability to provide energy to unmanned vehicles the S-series has more applications than its leading predecessors. 

Our objective is to compete in these markets with prospective stakeholders being; Siemens Automation Company, Aquent LLC, The American Red Cross, and Tetra Tech Engineering Services Company. The total startup cost is estimated at 533,000 USD, with a 33.33% ROI within the first five years at a 10% annual growth rate. 

Organization and Management
The North Carolina A&T (NC A&T) Ocean Wave Energy Research and Development Group consists of three subdivisions. Our academic advisor is Dr. Michael D. Atkinson. The academic advisor, apart from generating the project contract and funding, manages the overall roles and developments of the other two sub-groups - providing guidance and expert opinion. In short, the academic advisor is the chief executive officer of the project. 

The next group is the graduate division. Their responsibilities consist of conducting higher-level research and validation. Also, the graduate division is required and encouraged to provide guidance and assistance to the third group. The graduate students consist of a senior engineer role. 

The third division contains undergraduate students. The undergraduate division is responsible for preliminary design and development through the participation of the senior design course at North Carolina A&T. Their role is that of a project engineer role where there are even roles and divisions amongst the undergraduate students. Undergraduate student responsibilities divisions include project management, lead engineer, subsystem design engineers, rapid prototype, and manufacturing engineers. All groups are responsible for representing the university and research, study-abroad events, and design competitions. Currently, the team comprises one academic advisor, four graduate students, and twelve undergraduate students. 

Product Summary
Our custom-built oscillating water column device utilizes a unique Modified Dennis-Auld turbine that ensures bidirectionality with zero angle-of-attack to ensure completely perpendicular airflow. The turbine is paired with our Cobra duct, an S-shaped duct designed to reduce freestream turbulence and provide optimal maintenance access to the turbine. For more detail, please refer to the final design report submitted by the NC A&T Ocean Wave Energy Team. 


Marketing and Sales
We’ve implemented digital marketing strategies to achieve the following objectives. One attracts more prospective customers through content marketing and digital presence. Prospective tools to achieve broad digital outreach consists of a website, social media accounts, email marketing, newsletters, search engine optimization, and digital advertisements. 

The second objective is to create more leads. Once the team has generated traffic on its digital platforms, analytics and observation identify our market audience. Finally, all of this is to close more sales for the NCA&T Ocean Wave Energy Group. Completion of these strategies is initially prepared by contracted marketing and sales specialists until the NC A&T Ocean Wave Energy Group establishes a sales and marketing division. 

Traditional marketing strategies include a customer referral incentive to build customer loyalty and reward for introducing new customers to the company. Another avenue for traditional marketing is showcasing products, services, and associations with our top customers via design competitions, newsletters, and trade shows. Also, the company seeks to sponsor related energy organizations and social groups as well as establishing chapters at local universities. 

Funding/Financial Projects
 
	Owner Investment
	Raised Funds
	Investor Capital
	Partnership Investment
	Capital Equipment
	Administrative Expenses
	Marketing

	$200,000.00                           
	$100,000.00
	$100,000.00
	$200,000.00
	$500,000.00
	$28,000.00
	$5,000.00



Preliminary Technical Design
Our team has designed an OWC that converts kinetic wave energy into electrical power. The OWC connects to a capacitor that stores the energy generated from the OWC. From there, the capacitor provides power to an automated charging station that charges the UGVs. 

An OWC is a mechanical device that is installed and placed on the coastline or far offshore. As the ocean’s waves enter and exit a partially submerged chamber, the air trapped inside of its chamber oscillates. The oscillating air moves in and out of the tunnel though a turbine. The turbine (connected to a generator) spins and the mechanical energy is converted to electrical energy by the generator. 

We have designed a novel turbine specifically for this application.  The design termed the Davis-Gay turbine is named after two of our team members. This turbine is bi-directional, meaning regardless of the direction of the air, it spins in one direction. This design allows for better functionality compared to conventional OWC turbines. The turbine also acts as a flywheel, thus spinning without steady airflow.

We have completed small- and large-scale model tests of S-series in the NC A&T 5-meter wave flume and the 10-meter wave tank at the Coastal Studies Institute in North Carolina [Fig. 1]. We were able to calculate estimated turbine efficiency up to 55.9% [Table 1].
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                          Figure 1: (Left) OEA S-series Cobra duct OWC in NC A&T 5-meter Wave flume. 
                                  (Right) OEA S-series Cobra OWC duct in UNC-CSI 10-meter Wave tank.

	UNC-CSI 10-meter Wave tank results

	Wave Height (m)
	Wave Period 
	Max Wind Velocity (m/s)
	RPM
	Power (HP)
	Turbine
Efficiency

	0.05
	1.2
	0.4
	~500
	0.821
	16.5%

	0.08
	1.2
	1.1
	~730
	2.004
	40.1%

	0.15
	1.2
	1.4
	~910
	2.67
	55.9%



      Table 1: Davis-Gay Turbine Performance Results in the 10-meter UNC-CSI Wave tank.
 
The results show that as wave height increases the OWC power output increases with a non-linear trend. As wave height increases, a higher power output is generated. This is consistent with typical performance characteristics of OWCs.  Large waves generate increased mass flow rate of air through the turbine tunnel per wave oscillation, which means greater forced applied to the turbine, thus producing increased power output. 

Initial results show that the OEA S-series shows good potential for full-scale OWC development for the coast of North Carolina and contribute to the blue economy.  We have compiled a list of improvements we would like to make to our project continuing forward. We plan on designing new methods to increase the velocity of the wind stream incident to the turbine to increase the torque and therefore the efficiency of the turbine. Our current prototype leaves room for improvement in terms of increasing this wind velocity.  Which will be carried out though numerical and experimental techniques.  Currently, the airflow in the connector piece can be improved with the addition of a converging duct that can reduce pressure loss. Also, adding a cone inside the wind tunnel before the turbine can potentially increase the wind velocity by decreasing the cross-sectional area of flow. Furthermore, frictionless horizontal motion restriction needs to be implemented on the turbine shaft so the turbine remains stationary while in operation.

There is room for improvement in the data acquisition techniques implemented in small- and large-scale tests. By incorporating high-quality, high-fidelity numerical simulations into the design process we can perform rapid design optimization. Much of our difficulties early on were caused by a lack of equipment. In the future, the team’s progress would greatly benefit from access to:  a personal 3-D printer, resin printer, a testing wind tunnel for the turbine, a high-speed camera, a high-speed tachometer, digital pressure sensors, an anemometer, and an air hose with reliable pressure outlet readings. 

The final design of our oscillating water column must take into account the environmental conditions of the ocean. Unlike our prototypes, which are tested in indoor, freshwater systems, the final design must be designed to withstand the corrosion of saltwater, the wind loading due to sea breezes, and any interference with marine life. Thus, concrete and stainless steel are possible materials. Our prototyping process was carefully crafted so that implementation of the final design would only require resizing the model and adding additional structural support, since scalability was heavily considered in the prototyping stage. 

Other considerations, such as noise pollution and visual appeal will be scrutinized more heavily as we approach real-life implementation, as we plan for our design to coexist seamlessly near residential and tourist areas. Other factors that need to be heavily considered is exactly how much power the full size version will be capable of providing at peak operating and baseline operating capacity and how to integrate it seamlessly into the blue economy.

Introduction & Problem Statement
Currently, there are three main sources of renewable energy sources: solar, wind, and water; however, ocean energy is largely untapped. Contrary to wind and solar energy, ocean waves are predictable under standard ocean conditions. According to the 2001 World Energy Council Survey, “potential exploitable wave energy resources worldwide is estimated to be 2 terawatts and for European waters the resource was estimated to be able to cover more than 50% of the total power consumption.” Previous attempts have been made to utilize wave energy by creating an OWC, which creates power through variable air pressure. As the waves enter the chamber, the air inside the chamber begins to oscillate with the motion of the waves, creating a piston-like effect. The oscillating air then powers a turbine to create energy. This idea was conceptualized in the 1800s and reemerged in the 1970s during a global fuel crisis. Recently, we have seen a resurgence in OWC development with the deployment of these devices off the coast of Hawaii, USA, and in Northern Spain. To create optimal designs, an understanding of two-phase fluid dynamics and rapid-prototyping must be explored. Another focal point is the use of analytical methods and experimental testing using low-cost, two-dimensional wave flumes to test devices under varying operating conditions.

The objective of this research is to design more efficient, cost-effective, reliable, and viable OWCs.  Understanding and mitigation of the current challenges associated with wave energy conversion will increase the use of these devices and therefore equally reduce the use and dependence on fossil fuels. The team’s goal is to design an OWC for use specifically on the coast of North Carolina, and integrate it into the power economy primarily for disaster recovery. Since the average height of waves on the coast of North Carolina are approximately 1-meter-high at a frequency of 1 hertz, the OWC is designed to meet those standards. 

Design Criteria & Constraints
Due to testing facility logistics, there are several constraints, the first being the budget. The total manufacturing cost, including all materials assembly, and travel is approximately $17,000. The breakdown of the budget is discussed in the following section of this report. The team must also adhere to the test site measurements. Several small models were tested using the NCATSU wave tank whose measurements are 60mm x 260mm x 750mm. A larger prototype was tested at the Coastal Studies Institute (CSI) wave tank with the following dimensions: 3.0m x 2.5m x 2.5m. Preliminary testing occurred at NCATSU using the smaller models. The results obtained served to validate our simulation methods and equations while also helping determine the final design to test at the CSI. The use of large and small models allow for the scalability of the technology to be calculated and tested as well. The simulations will be scalable to our ideal testing location of North Carolina for future large scale construction and power generation for blue economy. 
	
The team must also take strict design criteria into consideration. As mentioned previously, our prototype must function efficiently on the coast of North Carolina. Furthermore, it must have a visually appealing design. Being that this object will take up a sizable amount of space and be largely visible to the public eye, it’s imperative that it is aesthetically pleasing to the locals as well as visitors. The purpose of the OWC is to use it as a source of renewable energy to power a micro grid and serve as a deployable device in disaster areas, and make the world a better place. This means that it must also be safe for not only the environment, but marine life as well. Finally, it must survive storms. Hurricanes and other water storms occur frequently in this location; therefore, it is important that it not only survives these natural disasters throughout the year, but also be reliable and functional, this will reduce the cost and frequency of maintenance, reducing downtime and optimizing operation time.

Preliminary Turbine Designs
The purpose of the turbine is to convert the kinetic fluid energy produced in the OWC chamber into rotational mechanical energy to feed into the generator. For OWCs, the fluid energy, in the form of air flow, oscillates in direction along with the oscillating water level at the base of the chamber. Therefore, in order to effectively implement a turbine into an OWC, one of two design choices must be made: the chamber must be manipulated to only allow the turbine to experience air flow in one direction (by way of one-way valves), or the turbine must be able to rotate in a single direction regardless of the airflow direction (self-rectifying). The use of a self-rectifying, or bidirectional, turbine is more efficient than implementing one-way valves to account for the oscillating direction of airflow, because self-rectifying turbines will experience twice the amount of airflow than a conventional turbine. Our preliminary turbine designs consisted of three designs based on the following types of self-rectifying turbines: The Wells turbine, Impulse Turbine, and Dennis-Auld turbine. These turbines perform optimally in low pressure environments, which is fitting for our OWC design on the coast of North Carolina. 

Wells Turbine   
The Wells turbine, invented by Dr. Alan Arthur Wells in the early 1920’s, has blades that consist of airfoils that are symmetrical about the plane of rotation. This symmetry allows the turbine to behave bi-directionally. For optimal efficiency, the airfoils have an angle of attack between 5 and 7 degrees. Its simple design makes it cheap to manufacture. But, according to the Handbook of Ocean Wave Energy, the Wells turbine is the least efficient design of the three, as it is not self-starting. Additional drawbacks to the Wells turbine are inherent to its design: symmetric airfoils tend to have a higher drag coefficient than asymmetric airfoils, and higher angles of attack can create airflow separation, or stall at high air flow rates, which reduces the airfoil’s lift. This makes the Wells turbine more efficient in one direction and less efficient in the other. For these reasons, the Wells turbine is used as our base model, so the efficiency of other turbines may be compared to the efficiency of the Wells.
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  Fig. 1: Wells turbine 7 degrees angle-of-attack (SolidWorks model)
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 Fig 2: Wells Turbine Flow Simulation. 

The simulation was competed to verify the bi-directionality of each turbine design. We tracked a steady air stream as it contacted a turbine blade, recording the change in direction and speed. This test was repeated after flipping the turbine, and we correctly expected to see mirrored results confirming bi-directionality.

Impulse Turbine
The Impulse turbine, was first invented by Carl Gustaf Patrik de Laval in 1882, is similar to the Wells turbine in its bidirectional behavior from its symmetry about the plane of rotation. In order to address the self-starting issues of the Wells turbine, the impulse turbine uses stationary guide vanes to redirect airflow onto the face of the turbine’s blades. The blades are curved into a cup-like shape, increasing the amount of time that the air stream is incident to the turbine blade. This increase in time results in a higher impulse experienced by the turbine. However, the numerous thin formations make this turbine more difficult and costly to manufacture.
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                                       Fig 3: Impulse Turbine with Guide Vanes (SolidWorks Model)
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Fig 4: Impulse Turbine Flow Simulation.

The purpose of this simulation was to verify the bi-directionality of each turbine design. We tracked a steady air stream as it contacted a turbine blade, recording the change in direction and speed. This test was repeated after flipping the turbine, and we correctly expected to see mirrored results confirming bi-directionality.

Davis - Gay Turbine (Modified Dennis-Auld Turbine)
The Dennis-Auld turbine, invented by Dr. Dennis-Auld, also utilizes a symmetrical design to ensure bi-directionality. The blades of the turbine have zero angle of attack, making the airfoil completely perpendicular to the airflow. The blades rotate with individual motors when the air pressure changes direction to maintain bi-directionality. Because of this, the blades of the Dennis-Auld are considerably heavier than those of the other two turbines, so the turbine harbors more momentum when rotating. The turbine design shown below was created by members of the team. It uses the Dennis-Auld model, but the airfoil is on both sides of the blade to create bi-directionality rather than relying on a motor. The blades are thicker and will therefore act as a flywheel and store energy when air pressure is not present and during the time it takes for the air pressure to reverse flow. This design is not too complex to manufacture yet it is efficient, and was chosen to take the design further.
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Fig. 5: (Left) Davis- Gay Turbine (SolidWorks Model) 
(Right) Davis- Gay Turbine Flow Simulation. 

Manufacturing
All turbine model prototypes have been 3D printed with PLA filament. PLA filament was selected for its strength and reliability without much need for post-production modifications. The Large turbine models were printed on Fusion 3 3D printers.
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         Fig. 7: Wells Turbine
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        				       Fig. 8: Impulse Turbine
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                                       Fig. 9: Davis- Gay Turbine

Later it was found that smaller models were more efficient than larger models, as the smaller the passage at the exit of the system was in comparison to the entrance, the greater the air velocity. Smaller turbine models were printed on the Maker Bot Replicator as it has a higher resolution for smaller parts and prints them more smoothly with less defects. The Impulse Turbine’s many blades required dimensions that were too precise to be printed at this scale reliably, so it was not attempted.
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               Fig. 10: Small Modified Dennis-Auld and Wells Turbine (Left to Right)

Experimental Results
In order to evaluate the efficiency of our turbine designs, we experimentally collected data on the RPM and torque produced by the turbines when subjected to varying intensities of air flow. From this data, we can determine how much power the turbine produces. The experimental data was collected using a tachometer for the turbine’s radial velocity, a force sensor to measure the torque, and a pressure gauge to measure the incoming air flow. Comparing the pressure of the incoming air flow to the resulting power produced by the turbine gives us a good idea of the efficiencies of each turbine. 

Due to inaccurate pressure readings and limited tools, the tachometer associated software failed to produce accurate readings. The team is currently looking into purchasing a new tachometer for testing purposes. The following equations will be used to calculate power and angular velocity:	Comment by Michael Atkinson: What software did you use?

 ; 

 Preliminary Chamber Designs
As waves impact the shore, some waves will enter the bottom of the chamber, creating an oscillating piston type motion inside of the chamber, generating a periodic increase and decrease in air pressure in the chamber. This air is pushed through the chamber and delivers it to the turbine which is attached to the end of the chamber. The team’s goal is to create a design that maximizes the amount of air pressure created as waves enter the chamber. As a result, the team created four different preliminary designs that varied by curvature and base structure of the chamber. Further details of each are described below. 

The Banana 
This initial design was constructed with the idea of forcing as much water as possible into a vertical direction with as much velocity as possible. The chamber decreases dramatically in volume from inlet to outlet in order to increase air velocity, which therefore would increase the force supplied to the turbine. Research showed the team that curves increase the control of airflow and pressure in an object, therefore it is included in the majority of the design. Creating this design as a CAD model was extremely difficult due to the change of shape from the base to the opening. This caused several complications with the loft function. This process also proved that manufacturing would be an issue as the technology available to the group was limited. The Banana incorporates very specific curvatures in various locations and would be difficult to replicate during manufacturing without having specific tools to measure angles. Transferring the CAD model’s data to ANSYS for testing proved to be challenging as it would inevitably lead to large discrepancies between simulation results and test results. With these difficulties the team decided to not move forward with the design.  
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         Fig. 11: The Banana SolidWorks Model

The MEEN 480
Similar to The Banana, this design eliminates sharp edges to reduce drag. The bottom is an oval shape and continues to curve into a circle as the outlet. This design also proved be difficult to manufacture due to specific angle tolerances and limited resources. However, given additional funds, it was initially thought that this would be the ideal design to construct in the future because of its fluid curvature.
[image: ]








                 Fig. 12: The MEEN 480 SolidWorks Model

The Pear
This design keeps consistent shape from the inlet to the outlet, making manufacturing and simulation much easier compared to the first two designs. The chamber does not have any curvature which, according to research, would reduce the amount of air passing through the chamber due to drag created by the sharp edges. Additionally, this design does not include a curved outlet. Similar to the first two designs, this allows for maximum vertical velocity of the air as it passes through the chamber. It required an additional piece to direct the air to the turbine. The pear design was tested in ANSYS initially as a benchmark to view general forces and where we could improve on the design. The pear design was based on an OWC module that came with the NCAT wave tank used to test the air chambers. Therefore, The Pear design served as the control for our simulations. In physical tests however, the pear was not effective at creating strong air pressure, likely due to the sharp corners creating drag.
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Fig. 13: The Pear SolidWorks Model

The Arc
Like The Pear design, the Arc’s inlet and outlet have similar shapes, making simulation fairly simple. However, this design includes curvature, contrary to The Pear. As mentioned previously, curves maximize the amount of air pressure that passes through the chamber. This curvature may cause some issues with manufacturing, but compared to the first two designs, it is still feasible. Overall, this design bridges the gap between optimizing fluid flow and manufacturability.  Because of its ease of manufacturing, the team was able to use this model to test in the NCATSU wave tank. Unfortunately, like the Pear this design also failed to create strong air pressure, thus was unable to drive a turbine. This is likely due to the wide opening that faces the bottom of the wave tank. The water is able to move around too much, and is more likely to move back in forth, rather than up and down. If the water inside the chamber isn’t constrained to an up and down motion it will not generate the air pressure to push air through the turbine tunnel.
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                               Fig. 14: The Arc SolidWorks Model

The Cobra (OEA S-series)
The Cobra takes on a unique shape that differs from the other designs. The idea for the cobra was to direct the opening towards the source of the waves under the surface thus increasing the momentum and bulk motion inside the chamber.  The chamber quickly transitions from a horizontal opening to a vertical chamber in a curve. This constrains the motion of the water to become more vertical.  The goal of this design is to provide a more consistent internal water level fluctuation and less internal turbulence because of the “S-Like” shape.   There is a reduction in freestream turbulence due to a reduced water-flow obstruction. The outlet is consistent with the other designs to maintain the desired dimensions for the turbine connection. This design was a recent change after testing our first prototypes in the NCATSU wave flume, and finding that our original designs were not effective. The horizontal exit to the chamber allows for the turbine to spin freely on its axle. This will also benefit the maintenance process for a large-scale real OWC in the future. This design was much more effective in creating air pressure strong enough to spin the turbine, and it was selected as the basis of our large-scale model.
[image: ]
                                         Fig 15: The Cobra SolidWorks Model
Design Matrices and Material Matrices
[image: ]
Table 2. Initial Chamber Decision Matrix

Table 2 shows the design matrix that explains why the Arc design was initially chosen. Other than manufacturability and scalability, it had the highest results of the three designs. The group was confident that regardless of the manufacturability shortcomings, they would still be able to produce the model with the help of The Forge, a Makerspace in Greensboro, as it houses additional resources and tools. The Pear design is our control design because it was easy to manufacture and it was based off of the conventional designs used in the industry today. Performance was not applicable at the time as the group had not been able to test this criterion in the wave tank yet; however, we had expected The Arc design to exceed the score of The Pear. 

Small Model Materials Matrices
	3D Printing Materials
	Weight
	ABS
	PETG
	HIPS
	PLA
	WOOD 
FILLED
	POLY.

	TURBINE
	1-Worst 5-Best
	Rating
	Score
	Rating
	Score
	Rating
	Score
	Rating
	Score
	Rating
	Score
	Rating
	Score

	Ultimate Strength
	1
	2
	2
	3
	3
	1.5
	1.5
	4.5
	4.5
	3
	3
	5
	5

	Stiffness
	3
	2
	6
	2
	6
	5
	15
	3
	9
	4
	12
	1
	3

	Durability
	3
	2.5
	7.5
	2.5
	7.5
	5
	15
	2
	6
	1.5
	4.5
	5
	15

	Printability
	4
	4
	16
	4.5
	18
	3
	12
	4.5
	18
	4
	16
	3
	12

	Cost
	5
	4
	20
	2.5
	12.5
	3.5
	17.5
	5
	25
	2.5
	12.5
	1
	5

	
	
	Total
	51.5
	Total
	47
	Total
	61
	Total
	62.5
	Total
	48
	Total
	40


Table 3. Small Turbine Model Material Decision Matrix
The turbine models were 3D printed separate from the physical chamber in order to allow for any possible adjustments to be made without disturbing the overall design of the chamber as well. It also creates easy accessibility to switch out turbines for various testing. The most important factors considered in this decision matrix were cost and printability because without heavy consideration of the two, building the prototype would be extremely difficult. Since PLA has an ideal ultimate strength and is readily available on campus for student use, the turbine team decided that this was the best option for our small turbine model.

	OWC NCAT
	Weight
	Aluminum
	Polycarbonate
	Stainless Steel
	Acrylic

	CHAMBER
	1-Worst 5-Best
	Rating
	Score
	Rating
	Score
	Rating
	Score
	Rating
	Score

	Weight
	1
	3
	3
	4
	4
	3
	3
	5
	5

	Price
	5
	2
	10
	5
	25
	3
	15
	4
	20

	Corrosiveness
	2
	5
	10
	3
	6
	3
	6
	5
	10

	Structural Fatigue
	3
	5
	15
	4
	12
	5
	15
	4
	12

	Manufacturability
	4
	5
	20
	5
	20
	5
	20
	5
	20

	
	
	Total
	58
	Total
	67
	Total
	59
	Total
	67


Table 4. NCAT Chamber Model Material Decision Matrix

Prototype Material Matrix
	OWC CSI
	Weight
	Aluminum
	Polycarbonate
	Stainless Steel
	Acrylic

	CHAMBER
	1-Worst 5-Best
	Rating
	Score
	Rating
	Score
	Rating
	Score
	Rating
	Score

	Weight
	3
	3
	9
	5
	15
	2
	6
	3
	9

	Price
	5
	3
	15
	1
	5
	3
	15
	1
	5

	Corrosiveness
	2
	4
	8
	5
	10
	5
	10
	5
	10

	Structural Fatigue
	5
	4
	20
	2
	10
	4
	20
	3
	15

	Manufacturability
	4
	4
	16
	3
	12
	1
	4
	4
	16

	
	
	Total
	68
	Total
	52
	Total
	55
	Total
	55



Table 5. Large Model Material Decision Matrix

For our large- and small-scale OWC testing we planned to simulate waves in fresh water at a controlled frequency and wave height. For the large-scale prototype for testing at CSI, we expected the efficiency to increase; therefore, we have less priority on the corrosiveness of our chamber material. We did plan to keep the price as low as possible and be able to easily manufacture and adjust or fix any issues that may arise as a result of multiple test runs in the wave tank and flume. For this reason, we have a high priority on cost, manufacturability, and structural fatigue. In the table below, table 6, some important information is provided about the physical properties and cost of all the materials considered not only for the wave simulator, but for the real world application along any coast. 


	OWC
CHAMBER
	Aluminum
6000 Series
	Polycarbonate
	Stainless Steel
Grade 316
	Acrylic
	Titanium

	
	
	
	
	
	

	Weight
	2700 kg/m^3
	1220 kg/m^3
	8000 kg/m^3
	1051.1 kg/m^3
	4506 kg/m^3

	Price
	$127.65 Each (18" x 100' x .0030")
	$496.34 Each (48" x 96" x 1/4")
	$25.51 Each (12"x12"x.048")
	$54.68 Each (24" x 24" x 1/4")
	$208.83 Each (12" x 12" x 0.016")

	Structural Fatigue
	276MPa(Y) / 310MPa(U)
	61-69MPa(Y) / 55-77MPa(U)
	290MPa(Y)/580MPa(U)
	125MPa(Y)
	880MPa(Y) / 950MPa(U)



Table 6. Possible Future Model Material Decision Matrix

In the process of assembling the small-scale models, we used 3D printing and CnC wood cutting and combined the chamber and the turbine tunnel pieces using friction fitting. The small-scale models were then tested in the small wave tank, and through ANSYS analysis. The prototype tested in the CSI wave tank was manufactured using Aluminum and CnC laser cutting and welding as it is a larger model. This is to ensure that the final prototype is the best functioning version of itself.

The most important portion of our prototyping process is determining which combination of individual components will result in the most efficient oscillating water column. An example of a possible prototype design is pictured below, showing a combination of the modified Dennis Auld turbine and the Cobra chamber.

Manufacturing of the prototype was conducted by a local company, called Carolina Laser Cutting. They are a small-business that NCATSU has partnered with in the past that offers custom built parts that we used to build our prototype. We also use 3D printing with Imaginators, to create the curvature of our Modified Dennis-Auld Turbine. We put the chamber and turbine together in our own machine shop to finish up the assembly, and designed a support structure made of plywood and wooden beams to sit in the CSI wave tank.
	
[image: ][image: ]



















                                        Fig. 16: back and Front view of final prototype

Once we decided which air chamber geometry to move forward with, we modeled the large prototype and sent the sketches to Carolina Laser Cutting, a local business, and requested them to fabricate our design out of  ⅛” thick aluminum.  We requested two variations of the same air chamber design, one with a 1:1 inlet to outlet area ratio, and the other with a 2:1 ratio. For the purpose of clarity, we can name them “Short Mouth” and “Tall Mouth”, respectively.

[image: ]After testing we determined that the support structure could use some improvements. So with the need to test the Oscillating Water Column at different depths and wave heights, we came to the conclusion of making the support structure that the water column sits in, adjustable. Keeping in mind the idea of a retractable radio antenna, we wanted to create a similar collapsible wall portion that would allow the structure to adjust to within a set range. Since we were in a crunch for time when it came to manufacturing a more complex structure, we decided on a simpler
			 Fig. 17 Support Structure Base SolidWorks Model
modification.  From our experience with support structure at CSI while testing, we decided the structure should have a flat base. Using a flat base would allow the structure to be sturdy and more independent, we wouldn't have to stress to connect the structure to the walls of the wave for example.  Also, we planned to weld on a small piece of material similar to the chamber, on each side of the chamber. This was considered when discussing the transport of our prototype, the pieces of material will act as a handle, to make the lifting and adjusting of the chamber more efficient. The physical support structure would attach to the handle via bolts in the necessary holes associated with the desired level. 
[image: ]
  			
[image: ] Fig. 18 Chamber with Adjusting Handles SolidWorks Model


Experimental Test

Coastal Studies Institute
Upon arriving at the Coastal Studies Institute, we unloaded all of our equipment and began assembling the Short Mouth 1:1 area ratio version of the OWC. To ensure that the wind tunnel remained above water, we re-measured the depth of the wave tank and built a wooden frame around the OWC, granting the required height to the structure by adding specifically cut legs to the wooden supports. Coming up with dimensions and assembling this support structure on the fly (in addition to switching the support structure for the larger column) proved to be a very lengthy task, expending a lot of valuable time that could have been used testing. This led us to the conclusion that we could greatly benefit from creating a permanent support structure with an easily adjustable height. 

Once the OWC was placed in the tank at its desired height, we commenced the testing by running the wave generator at varying combinations of wave period and wave height. Team members then recorded the wave height, wave period, wave generation seed, velocity of wind exiting the wind tunnel, the RPM of the turbine, and the amount of time it took the turbine to go from rest to its top speed. Seed is a variable for wave randomness with 2 representing a constant wave or no randomness (sinusoidal wave).

When testing the Short Mouth chamber, we were unable to obtain valid results, as the basic wooden support structure could not adjust the OWC height to our needs. This is another reason we would like to develop an adjustable structure. We speculated that the inlet of the air chamber was too far underwater and was not contacting any of the kinetic fluid motion of the waves near the surface.

Thankfully, the Tall Mouth chamber was able to yield better results, as the taller inlet sat closer to the water surface. The results recorded with the Tall Mouth chamber are shown below:

Results

	VARYING WAVE HEIGHT (Control: Water Level = 1.3m) 

	Wave Height  (m)
	Wave Period 
	Seed
	Max Wind Velocity (m/s)
	RPM 
	Power (HP)
	Efficiency

	0.05
	1.2
	2
	0.4
	~500
	0.821
	16.5%

	0.08
	1.2
	2
	1.1
	~730
	2.004
	40.1%

	0.15
	1.2
	2
	1.4
	~910
	2.67
	55.9%



From these results, we can estimate a maximum turbine efficiency of 55.9%
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 				 Graph 1. Wave height vs Power

The results show that as wave height increases the OWC power output increases with a generally positive trend. This means that as wave height increases so will power output proportionally at a constant rate. This is because the larger the waves the greater the mass flow rate of air through the turbine tunnel per oscillation, which means force is applied to the turbine for a greater amount of time in one direction before it switches.


	VARYING WAVE PERIOD (Control: Water Level 1.3m)

	Wave Height (m) 
	Wave Period 
	Seed
	Max Wind Velocity (m/s)
	RPM
	Power (HP)
	Efficiency

	0.08
	1
	2
	0
	0
	0.000
	0.0%

	0.08
	1.1
	2
	0.2
	~183.33
	0.396
	8.0%

	0.08
	1.2
	2
	1.1
	~364.6
	2.004
	40.1%

	0.08
	2
	2
	0.9
	~181.67
	0.398
	8.0%


Table 8. Wave Period vs Power

From these results, we can estimate a turbine efficiency of 40.1%.
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Graph 2. Wave Period Vs Power

The results show that OWC produces more power at a wave period of 1.2. There appears to be a skewed bell curve in the data, where the OWC initially produces less power at lower wave periods, peaks at a wave period towards the beginning of data collection then decreases. As the wave period continually increases at a steady rate from 1 to 1.2, the power produced quickly increases, but then peaks at a period of 1.2 before decreasing at a slower rate than it rose as the wave period continues to increase. At a period of 2, and 1.1 the power values are almost the same, which means the power decreases at a rate about half as fast as it rose as it took twice as long for Power to decrease to reach the same level it was when it rose. This means that the target range for the operation of this prototype at near max operating capacity extends further past 1.2, but not below it. This is important to know for the Blue economy as the period could determine how productive the OWC will be, possibly more so than wave height. This could be due to resonance occurring between the waves and the frequency that the air is oscillated through the turbine. As the wave period increases the air has to move with it, so at low periods the air will move at the same or near the same rate as the waves that come into the chamber. but at higher periods either the air is moving at the same rate as the water, but the turbine cannot harvest the energy from the air at that speed as the direction would change too often. Or, the air isn't able to oscillate at the same rate as the waves, because the waves change direction in the chamber before a large enough mass of air can be moved and the motion of air and waves fall out of sync or resonance. 

Moving Forward
The final design of our oscillating water column must take into account the environmental conditions of the ocean. Unlike our prototypes, which are tested in indoor, freshwater systems, the final design must be designed to withstand the corrosion of saltwater, the wind loading due to sea breezes, and any interference with marine life. Thus, concrete and stainless steel are possible materials. Our prototyping process was carefully crafted so that implementing the final design would not be much more intensive than resizing the model and adding additional structural support, since scalability was heavily considered in the prototyping stage. 

Other considerations, such as noise pollution and visual appeal will be scrutinized more heavily as we approach real-life implementation, as we plan for our design to coexist seamlessly near residential and tourist areas. Other factors that need to be heavily considered is exactly how much power the full size version will be capable of providing at peak operating and baseline operating capacity and how to integrate it seamlessly into the blue economy.
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Criteria Weight Banana MEEN 480 Pear The Arc
Grade | Score | Grade | Score | Grade | Score | Grade | Score
Cost. 4 2 8 2 8 4 16 4 16
Performance 5 NA NA
Manufacturability 5 2 10 2 10 5 25 4 20
Scalability 4 3 12 2 8 4 16 4 16
Aesthetic 2 4 8 5 10 1 2 3 6
Total Scored 38 36 59 58

Weight 1-5 worst to best

Grade 1-5 worst to best
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