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1. Abstract

The world’s pending energy crisis requires us to examine renewable energy sources, including wave energy. Our research will focus on modifying an existing Wave Energy Converter (WEC) design, and maximizing the electrical output of this device based on various modifications. Our methodology will consist of construction materials and procedural modifications, testing, optimization of multiple WECs, a mooring analysis, and a cost-benefit analysis. We will construct initial prototypes based on an existing design, with alterations to materials and construction process.  We will test the prototypes in a wave tank to determine the range of wave conditions that will maximize the energy output. Next, through experiment, we will identify the optimum layout for multiple WECs. Further, we will test various mooring techniques and analyze which is most beneficial in maximizing energy output.  Finally, we will examine the economic and environmental costs of our WEC using existing literature.

One of the main obstacles of wave energy conversion systems is the lack of research.  Our research will showcase the potential of wave energy and bring new knowledge to the field. Along with providing more baseline data for wave energy research, we hope that our results will increase future funding and allow consumers to have more widespread access to wave energy options. 

Ultimately, we will investigate how the total energy output of a WEC is affected by the modification of construction methods, wave farm configurations, and mooring techniques.  We hypothesize that a construction method utilizing small blocks of closed-cell foam to create a spiral shape will prove most effective.  The optimum wave farm configuration is a staggered formation that will reduce the effect of turbulence from each R-WEC on neighboring devices.  We predict that a multi-leg mooring arrangement will most consistently maintain the R-WEC at the mean water level.   

2. Introduction

In the United States 91.1 percent of electricity is produced by non-renewable energy sources such as the burning of fossil fuels (Industry statistics, 2008).  Eventually this finite resource will be depleted and new energy sources will have to replace fossil fuels as a dominant electricity source.    Renewable energy sources have the potential to provide clean, abundant energy for the global community. 

Wave energy, in conjunction with other renewable energy sources, can help alleviate our dependence on non-renewable energy sources.  In addition, wave energy has great potential to meet our future electrical energy needs with relatively less environmental impact than current fossil fuel generation methods.  For instance, two terawatts of energy are stored in the ocean, which is equivalent to twice the world’s electricity production. (AquaBUOY, 2006). Wave energy has great potential; it is now a matter of finding ways to utilize this resource. 

One of the main issues facing the field of alternative energy, including wave energy, is the lack of public support for research (Beyene & Wilson, 2008).  Without this valuable research, the possibility of wave energy remains somewhat of a mystery to the general population.  Our findings will hopefully help to show that Wave Energy Converters (WECs) are fully capable of providing a significant portion of energy demands in regions with sufficient wave energy potential.  Our research will provide an instrumental step in further implementation of wave energy conversion systems.  With proof of success, public support will increase, leading to additional funding and access to this renewable energy source.

3. Literature Review


The literature review section will address prototype designs, construction materials and approaches, wave farm configurations, mooring, and an analysis of the prototype design we will be using (R-WEC).
3. a. Prototype Designs

Wave Energy Converters (WECs) fall into five main categories, including oscillating water columns, point absorbers, submerged pressure differential devices, attenuators, overtopping devices, and oscillating wave surge converters.  We will present an overview of each category that will discuss the concepts behind the design, present examples, and examine advantages and disadvantages.

Oscillating Water Columns are considered by many to be one of the more attractive wave energy converter prototypes in terms of efficiency, economics, and aesthetics.  They are partially submerged, hollow devices which use turbines to generate electricity (EMEC, 2008). OWCs cause a water column to rise and fall which compresses and decompresses air column.  The air flow causes the turbine to rotate, thus generating electricity (EMEC, 2008).

Point Absorbers are another versatile type of wave energy converter.  A profound advantage of point absorbers is that they are able to absorb energy in all directions through wave movements near the surface (EMEC, 2008).  Ocean Power Technologies of Pennington, NJ has chosen to implement a wave park off the coast of Oregon with devices resembling buoys which will generate electricity through a hydraulic generator (Von Jouanne, 2006).

Submerged Pressure Differential devices are easily compared to point absorbers.  They follow a similar design; however, Submerged Pressure Differential devices are attached to the seabed, rather than floating near the surface (EMEC, 2008).  As noted by the name, varying pressure differentials are created by the wave movements.  This pumps fluids through a system which generates electricity (EMEC, 2008).

Attenuators consist of hinged sections which pivot and move with the motion of the waves.  The various wave heights in the surrounding area cause flexing at the joints, where a hydraulic pump is used to convert energy (EMEC, 2008).  Their success has been found to be largely dependent on how well they are designed for a specific area of operation (The pelamis prototype, 2008).

Overtopping devices are those which capture water from waves and then return the water to sea through a turbine which generates power.  The most well known and tested example of an overtopping device is the WaveDragon, which is composed of two reflectors which focus the waves towards a ramp, a reservoir for collecting the overtopping water, and several hydro turbines which convert the pressure into power (Kofoed, Frigaard, Friis-Madsen, & Sorensen, 2004).  

Oscillating Wave Surge Converters extract energy from wave surges and the movement of water particles (EMEC, 2008).  Various models have been developed to test the power generation of Oscillating Wave Surge Converters.  In the United Kingdom, a numerical model was developed and applied to simulate the complex fluid flow of air and water (Qian et al., 2005).  This particular design took many parameters into consideration and was ultimately designed to couple strongly with the horizontal particle motion to permit large amplitudes of motion and minimal energy loss (Folley, Whittaker, & Osterried, 2005).

3.b. Construction Materials and Approaches

Ozcivici and Singh (2005) studied the fabrication process for closed-cell, SiC-based foams.  The study looks at the properties of cenospheres and how they affect the properties of polymer foams.  It serves as a great reference to understanding how closed-cell foams work and how they differ from open-cell foams.  The study concludes that closed-cell foams are more suitable for resisting the ingress of air and corrosive fluids.  Closed-cell foams also have higher specific strength and rigidity. 


Ionita  and Weitsman (2007) modeled the ingress of fluids into a closed-cell polyvinyl-chloride (PVC) foam.  Their study quantitatively expresses the absorption of fluid by the PVC foam as a function of time exposed to sea water.  The study concluded that long term exposure to sea water can decrease the foam’s integrity.  The damage that the foam undergoes is isolated to the exterior of the foam which is in direct contact with the water.  

3.c. Wave Farm Configurations

There is presently a limited amount of information available with regards to the strategic placement of WECs.  However the primary wave farm configurations utilized by leading wave energy companies appear to be either parallel or staggered.  CETO’s wave energy converters are placed in parallel rows underwater, whereas Ocean Power Technologies’ power buoys are placed in designs comprised of staggered rows which are “spaced to maximize energy capture” (OPT, 2008). The layout of the WEC prototypes is in part based on the mechanism behind each design and how each WEC affects wave characteristics as a wave propagates past.  A unique layout presented by Finavera Renewables consists of rows of WECs radiating from an open center creating a sunburst-like configuration. 
Wind farms follow similar layouts and components as wave farms and have been evaluated not only physical parameters but also with respect to optimal electrical configurations using either alternate (AC) or direct currents (DC).  DC wind turbines connected in series have the greatest potential in providing the lowest energy production costs when the transmission distance is greater than 10 to 20km (Lundberg, 2004).  The energy production and investment costs in the study were determined using cost analysis for models of the wind farm components similarly to the cost benefit analysis our team hopes to conduct on R-WEC farms.

3.d. Mooring Techniques

H. O. Berteaux (1976) discusses the mechanics of floating bodies such as a buoy in the ocean, with special attention to the dynamics of mooring lines.  For the mooring line to be effective, it must consider the elasticity of the line and the speed of the current.  A variety of calculations are necessary to compute the optimum mooring system that would maintain the position of the floating object.

The simplest mooring system is the single point moored system in which there is one float, one line, one anchor, and perhaps additional equipment.  Another system is the multi-leg mooring system in which two or more mooring lines can be used to restrain a floating structure.  This system is used to minimize the motion of the floating object while also increasing the reliability of the system.  Other mooring systems may be applied to fulfill other needs.

“Reliability-based Comparative Study for Mooring Lines Design Criteria” focuses on the reliability and safety issues of various types of mooring systems.  Most mooring systems are affected by environmental factors such as wave elevation and wind motions.  This study analyzed the calibration process of safety factors.  They conducted simulations using various random variables, such as material strength, to test the probability of a failure for a mooring system.  

3.e. An Analysis of the R-WEC   


The Wave Energy Converter that we will be using in our experiments was designed by Dr. Daniel Dementhon, who is currently a faculty member of the National Science Foundation and associate research professor at a division of the University of Maryland Institute for Advanced Computer Studies.  In 1982, Dr. Dementhon presented his design of the Rotary Wave Energy Collector (R-WEC) at the Offshore and Deepsea Systems Symposium and was issued a U.S. patent in 1983 (Dementhon, 1983).

The design does not fit neatly into any of the defined categories of converters discussed previously, though it is similar to a submerged pressure differential device.  However, the prototype floats at water level, as opposed to being submerged.  The design calls for a series of helical strips superimposed around a central cylinder, as illustrated in Figure 1.  The driving force behind the R-WEC is the pressure difference on the leading edge and the trailing edge of the helical strip, causing the device to rotate as a wave propagates past.  In order to be effective, the axis of rotation must be at or above water level.  It rotates in such a way that the edge of the rotor follows the crest of the wave (See figure 2).  According to Dr. Dementhon, the energy extracted from ocean waves depends on the wave's amplitude and wavelength, as well as the radius and pitch of the R-WEC (Dementhon, 1983).
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Figure 1: Thin helical rotor, clamped at still water level in sinusoidal waves (vertical scale has been expanded compared to the horizontal scale)

Team WAVES has met with Dr. Dementhon, and he is very enthusiastic about sharing his design.  In addition to being an expert in the design of the prototype, Dr. Dementhon has provided us with advice on considering issues surrounding the real-world application of the prototype, including the effects of large storms and return on capital.
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Figure 2: A 3-D prototype representation of the R-WEC created using Blender software

4. Methodology

4. a. Procedure 

Our research will follow a quantitative design of an experimental nature which investigates how the total energy output of an R-WEC is affected by the modification of construction methods, wave farm configurations, and mooring techniques.  All testing will be conducted in our mentor, Dr. James Duncan’s wave tank located in the Hydrodynamics Laboratory on campus.  We plan to measure the power output of the R-WEC in the wave tank with irregular waves with various wave heights and periods, to simulate random sea states.  After extensive testing and analysis, we will determine the design parameters that will optimize energy production of a single R-WEC and multiple R-WECs.  The prototype will be constructed of foam and aluminum.   
Our method follows a time-series design in which “the intervention of other new dynamics into the system,” including changes to the construction materials and procedure, the layout of a potential wave farm,  and the mooring techniques employed will be introduced in order to observe the effects on the energy output (Leedy & Ormrod, 2005, p. 228).  Primarily, we will follow Dr. Dementhon’s method and have weights attached to the rotor via pulleys (Dementhon, 1982).  The maximum weight that can be lifted at the rotation rate of the rotor will provide a direct measurement to calculate the energy output of the prototype.  Ultimately, the rotor will be attached to a low-frequency, variable speed electric generator.  This generator will in turn be connected to a simple circuit with known parameters in order to determine the power output of the device.
An important consideration to explore when designing an R-WEC is the issue of construction methods.  The original R-WEC proposed by Dr. Dementhon was built using an aluminum central rod surrounded by layered strips of foam which create the desired spiral shape (Dementhon, 1982).  Another construction procedure consists of using smaller blocks of syntactic foam to form a uniform spiral shape along the length of the aluminum rod.  We will compare both construction methods and determine which approach we will use for further testing.

The materials used for construction are also important.  Closed-cell foam is the most appropriate kind for application in sea water due to its fluid absorption resistance (Ozcivici & Singh, 2005).  Closed-cell, high density, syntactic foam can be used for the small-block method.  The other method, however, requires a more flexible foam.  Closed-cell, medium density, polyvinyl-chloride foam is better suited for this purpose.  This foam has similar buoyancy properties as the syntactic foam but is more malleable.  There are only slight differences in the prices of the two types of foam making neither a better choice simply due to fiscal considerations.
We will also explore how turbulence patterns affect the rotation of the device by utilizing colored dye to analyze the water particle behavior as waves propagate past the device.  The paint like dye will be thinly coated on the helical strips and then the prototype will be placed in the wave tank so that we may observe how the dye disperses as waves pass.

Another important aspect of prototype designing is determining the most advantageous arrangement for multiple WECs.  Due to the law of conservation of energy, a wave will lose the energy extracted after passing over a WEC.  We will conduct experiments that measure the interactions of neighboring R-WEC’s in the surrounding wave field, as well as the power outputs of various arrangements.  By varying the distance and angle between prototypes in the water, we will quantitatively determine the best layout that produces the greatest power.  Examples of potential layouts include a linear and a staggered configuration as shown below in Figure 3.
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Figure 3: Sample WEC arrangements with staggered on the left and linear on the right.

For the mooring configuration of the R-WEC, we will initially test a multi-leg system consisting of one float, two lines, and an anchor.  The mooring lines, made of nylon, will attach to each end of the central rod.  The other end of the nylon lines will be connected to an anchor at the bottom of the tank.  The anchor will be a stainless steel bar heavy enough to sustain the pulling movement of the mooring line which results from the oscillating motion of the prototype.  Also, the nylon lines will be fairly elastic, which will affect the mooring design.  
4. b. Benefits, Limitations, and Assumptions  
The physical constraint of only being able to test in a wave tank is a limitation of our study.  Due to the difficulty of obtaining permits for open water testing, we will not undergo testing in open waters limiting us to testing under the simulated conditions of a wave tank.    

Another limitation inherent in testing in the wave tank is the disadvantage of testing only a scale model of the actual prototype that would be used in open water.   The size restrictions require that the R-WEC be scaled down to fit in the tank.  Although we will be constructing models of the prototype to best reflect the full scaled R-WEC, a model has built in restrictions in and of itself.  Testing the WEC at its actual size would be ideal because it would eliminate any error from extrapolating data obtained using a scale model (Cruz, 2008).

Based on these limitations, we must make some assumptions regarding our testing. The first of which is that a scaled-down model will accurately reflect the performance of a full-scaled R-WEC.  Dr. Dementhon conducted initial testing of the prototype using a scale factor of 1/30 (Dementhon, 1983), and although we will keep this in mind, we will be determining our design’s scale factor after deciding on the specific prototype alterations.  

Furthermore, we will also assume that the wave tank will be able to create waves that accurately reflect real open water conditions.  The wave tank has already been used for numerous experiments under the direction of Dr. Duncan and other experts in the field have also used wave tank testing on WEC prototypes, so we strongly anticipate internal validity with this method.  
Another assumption we will be making is that our pulley system accurately measures the electrical output of the R-WEC.  The pulley system is advantageous over the use of a electricity reading device such as a multimeter, due to the fact that we can accurately determine the energy production of our prototype, while minimizing the energy output loss through the running of an electrical generator.  The direct measurements taken from the pulley lifts, such as the maximum weight lifted, the vertical distance the weight traveled, as well as the time it takes for the weight to be lifted would avoid the mechanical considerations that would be associated with a generator such as the gear ratio.  An accurate measurement of energy output is an essential part of our primary data collection and will enable us in our cost-benefit analysis to extrapolate electrical energy costs from the R-WEC.
Potential confounding variables for our testing include properties of the wave tank that affect the performance of the prototype.  The confining walls of the wave tank could negatively affect the R-WEC’s energy output.  This would require us to correct our findings for application in open water conditions.  
4. c. Data Analysis


Our data analysis will consist largely of interpretation of quantitative primary data.  A portion of our study will also require an examination of secondary quantitative data especially when investigating the environmental impact of WECs.

Following our first phase, we will compare the energy output to the construction approach and the materials.  We will plot the energy output versus each material and structural approach.  We will find the maximum value on each graph to determine the best design for our prototype.


By analyzing the optimization of multiple prototypes, we will use data from imaging systems to determine the effects of our R-WEC on surrounding wave conditions.  The configuration associated with the maximum power output will be concluded as the optimum layout.  


In the final testing stage, we will examine how various mooring techniques impact the energy output of the R-WEC.  The approach which yields the greatest energy output will be concluded as the most optimal mooring system.


To evaluate the cost efficiency of the wave energy converter, we will project the cost of the WEC in our cost-benefit analysis.  The total cost of our prototype will take into consideration the cost of development, required materials, production, installation, and maintenance.  The costs of the R-WEC will then be assessed using current energy demands and annual consumption at the location of interest to determine if “energy efficiency or fuel switching will…yield long-term gains” (Taylor & Van Doren, 2008, p. 3).  For instance, the per-kWh cost for the R-WEC can be calculated and compared to the cost of electricity from coal combustion, which presently ranges from seven to twenty cents per kWh in the United States (Holzman, 2007).  Statistics regarding energy consumption are readily available online and will be obtained through the Energy Information Administration (EIA) of the Department of Energy in the form of secondary data.


4. d. Anticipated Results


Following the testing and data collection of our research methodology, our team will determine the electrical output potential of the R-WEC. We will also identify the optimal R-WEC design parameters concerning construction, wave farm layout, and mooring.


We anticipate that the cost of producing electricity from the R-WEC will be greater than the cost of conventional electricity powered by coal combustion.  However, the environmental benefits of wave energy, including the reduced ecological impact by reducing the demand for coal, will outweigh these monetary factors in the long run.

Lastly, we will consider possible negative impacts that the R-WEC may have on its surrounding environment through literature, although wave energy systems are not usually significantly harmful.  An Oak Ridge National Laboratory study in 2005 placed the probability of migrating fish injury from the implementation of a tidal turbine in New York City’s East River at 0.004-0.457% (Holzman, 2007).  While it is difficult to test its immediate environmental effect, we will conduct a thorough literature review to assess the potential impact of WECs.  WECs may affect local wildlife due to the cables connecting the it to the shore which may adversely affect habitats and local ecology.  In addition, the placement of any WEC has implications for local commerce and recreation.  The R-WEC may influence boat paths and alter wave conditions for local beach users.  

5. Appendix

5. a. Timeline

By the end of the Fall 2008 semester, we plan to wrap up our literature review and finalize our proposed methodology.  In addition, we will decide on where to apply for grants, create a Grants committee group, and determine what information is needed for applications.  For the Spring 2009 semester, we plan to make our methodology even more concrete, start testing the R-WEC, and send in applications for grants.  During our junior year, we plan to further test the R-WEC, move into the optimization phase, and analyze our baseline and optimization data.  In addition, we plan to prepare for Junior Colloquia.  During our senior year, we plan to complete our thesis, attend the thesis conference, and complete the submission process for getting published.

5. b. Budget

	Item
	Description
	Location
	Price ($)
	S/H 
($)
	Quantity
	Total Price

	Materials
	
	
	
	
	
	

	Foam
	LAST-A-FOAM® FR-6700 Aircraft Foam, 10 lbs/ft^3 density
	General Plastics Manufacturing Company
	148.88
	20.00
	1
	168.88

	Aluminum Tube
	Multipurpose Aluminum (Alloy 6061) Tube 1" OD, 1/2" ID, .25" Wall Thickness, 6 ft Length 
	McMaster-Carr
	29.96
	7.00
	1
	36.96

	Adhesive
	MAS Low Viscosity Epoxy Resin, 1 quart 
	River Marine Supply
	18.95
	6.00
	1
	24.95

	Hardener
	MAS Fast Hardener, 1 pint
	Boat Builder
	18.00
	6.00
	1
	24.00

	Masses
	Cap Barbell 100lbs Chrome Barbell set
	Sports Authority
	129.99
	0.00
	1
	129.99

	Pulley
	Lehigh 2 In. Fast Eye Utility Pulley
	Home Depot
	3.96
	0.00
	1
	3.96

	Bearing
	1 15/16" 2 Bolt Flange mounted bearing
	Fremont Industrial Supply
	69.99
	13.00
	4
	292.96

	Necessary wiring
	 
	Dr. Duncan's Lab
	0.00
	0.00
	0
	0.00

	Welding tools
	 
	Dr. Duncan's Lab
	0.00
	0.00
	0
	0.00

	Gen. construction tools
	 
	Dr. Duncan's Lab
	0.00
	0.00
	0
	0.00

	Facilities
	 
	 
	 
	 
	 
	 

	Wave Tank (Lab)
	 
	Dr. Duncan's Lab
	0.00
	0.00
	0
	0.00

	Construction space
	 
	Dr. Duncan's Lab
	0.00
	0.00
	0
	0.00

	
	 
	 
	 
	 
	 
	 

	
	
	
	
	
	
	

	
	
	
	
	TOTAL
	681.70
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