


Acknowledgments

We would like to thank our advisor, Dr. Barbaros Celikkol, for the opportunity to work on

this project, and for his guidance throughout the project. We also extend our sincerest

gratitude to Dr. M. Robinson Swift; without Professor Swift's expertise much of this project

wouldst have been possible.

We greatly appreciate the assistance of Professor Igor Tsukrov and Oleg Eroshkin in creating

and analyzing the finite element models for the design. We would like to thank Judson

DeCew for his assistance with the physical model testing.

We are very grateful for the electrical and wireless communication expertise of Dr. Lloyd

Huff. We would also like to acknowledge the assistance of Colin Kerr of Windstream Power

Systems Inc, with the turbine design and analysis.

We would like to thank the engineers of the NOAA - University of New Hampshire

Cooperative Institute of New England Fisheries and Mariculture Open Ocean Aquaculture

Engineering team, particularly Dave Fredriksson, Brett Fullerton, Glen Rice, Glenn

McGillicuddy, Ken Baldwin, John Ahern, Michael Chambers, and Can Kurgan for their input

and for answering our many questions.

We thank Larry Harris for learning the TECH 797 course, and Jon Scott for the management

of our budget.

We would like to note that this work is the result of research sponsored in part by the National

Sea Grant College Program, NOAA, and the U.S. Department of Commerce, under grant

PNA16RG1035 through the New Hampshire Sea Grant Program.



Abstract

As fish populations decline in the Gulf of Maine, alternatives to traditional fishing are being

explored. One of these alternatives is Open Ocean Aquaculture  OOA!. The University of

New Hampshire currently maintains an OOA facility near the Isle of Shoals. The goal of this

facility is to eventually support four cages of cod and haddock with up to 50,000 fish per

cage  Chambers, 2002!. In order for these fish populations to survive they must have an

adequate food supply. An interdisciplinary undergraduate research design team was tasked

with designing a buoy that will hold enough food to feed four full cages for one week and

deliver the feed to the fish in a manner that can be controlled remotely. The team was

charged accessing feasibility from a technical standpoint

One design goal was that the buoy be self-supporting in terms of its energy needs. A

renewable power source for the pumps, valves, and communication systems needed to be

contained on the buoy, Because of continuous winds at the application site it was decided

that a wind turbine would work well for the needs of this project. A vertical axis turbine, 1.8

meters in diameter and 4.4 meters t@1, was designed by Windstream Power Systems. Eight

marine batteries will be used to store energy produced.

The feed delivery is comprised of a screw auger and four lines, one to each cage. Each line

has its own valve so each cage can be fed independently. Onboard the buoy is a system of

pumps and valves that allow ballast water in and out of the buoy to maintain a constant draft

as food is added and removed. All of the systems are capable of being controlled remotely

using 900 MHz cellular communications,

The buoy was required to store food for 200,000 mature fish for one week without being

refilled. A spar shape  long and slender! was chosen for the design of the buoy because of its

general independence of wave motion  Berteaux, 1991!. Dimensions of the buoy were

largely determined by the projected volume of feed required for a maximum number of fish

during a stage in their growth when food consumption is greatest. The proposed buoy is 3

meters in diameter and 16.6 meters in length, Scale models of the buoy were built for testing

in the wave tank at the Jere A. Chase Ocean Engineering Laboratory at the University of



New Hampshire  UNH!. Early testing revealed that the damped natural &equency of the spar

buoy as designed was the same as that of storm seas. A large disc nine meters in diameter

with eight holes 1.5 meters in diameter spaced evenly around the vertical axis was placed on

the bottom of the buoy; lowering the damped natural &equency and avoiding resonant

loading conditions. Finite element analysis was conducted for the buoy structure and showed

that the factor of safety for the buoy is 9,5.

UNH Open Ocean Aquaculture engineers have recently designed a mooring system suited for

the proposed four fish cages. The design team needed to design a method for incorporating

the feed buoy into this system. An extended bridle system was developed where four bridle

lines extend horizontally &om the feeder buoy to smaller surface buoys, down to the grid,

where a line extends &om the bottom of the buoy to a chain on the sea floor. The purpose of

the chain is to act as a restoring force, further reducing interaction between the waves and the

buoy. Finite element analysis was also performed on the mooring grid and feed buoy system

using Aqua-FE. Results showed stresses and displacements to be within acceptable ranges.

While the design of a feeder buoy capable of feeding 200,000 fish �0,000 fish per cage! for

seven days is large, computational and physical tests show that it is possible. The structural

integrity of the buoy and stability of the mooring system are sound. The buoy designed can

withstand the harsh conditions in the Gulf of Maine. The project team asserts that this design

is feasible, however, internal systems such as feed delivery and energy storage should be

rigorously tested before construction.
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I. Introduction

The University of New Hampshire  UNH! currently maintains an active Open Ocean

Aquacultiue  OOA! facility in the Gulf of Maine. This experimental aquaculture site, along

with others like it, is of great iinportance due to rapidly decreasing native fish populations in

the North Atlantic. The motivation for alternative solutions re-manifests itself as quotas

decrease and restrictions are implemented on catches every season. This year alone some

southern New England cod harvesters could see their limits drop &om 2,000 lbs to 500 lbs

per day. Contained Aquacultures could be the only long-term solution to the great problems

facing the fishing industry, its economy, and the depletion of natural fish stocks.

Background

In June of 1999 UNH, as part of a regional effort, deployed the OOA demonstration project.

An offshore location was chosen over a protected coastal site because of the high use of New

England's coastal waterways by commercial fishing, recreational, and shipping vessels. An

offshore site also provides greater water depths and a solution to space restrictions in

crowded inland waters  Fredriksson et al., 2000!. The project has been operational and has

withstood all weather forcing conditions since that time. A mid-depth horizontal grid moors

the system of two cages, each 15 meters in diameter. The cages were designed to raise

bottom fish such as sumner flounder and halibut. Figure 1 shows a photograph of the

deployinent of one of the current cages; haddock currently being raised at the site are shown

in Figine 2.



Figure 1: Deployment of one of the current cages in 1999

Figure 2: A view fram inside the cage of the haddock being raised offshore

Interest in aquaculture is increasing rapidly throughout the world in all areas of declining fish

stocks. In the future the OOA group hopes to raise cod and haddock, which are important

species to the New England economy. Funding from NOAA/Sea Grant supports the project

 Tsukrov et al., 2000!.



The OOA project at UNH has been a success thus far, and is constantly being updated to

increase production and efficiency. Currently there is one wind and solar powered buoy that

maintains the feed supply to one of the cages. It is effective, but must be refilled &equently

as it has a maximum feed capacity of 500 lbs. The maximum density of mature fish in just

one of the new proposed cages consumes 8,400 lbs of feed per week. It was decided that for

production to increase the current buoy would need to be replaced with a design that could

accommodate four cages and hold enough food for seven days of feeding. This would be an

increased initial cost, but would cut down on boat travel, man hours, and improve overall fish

production

Purpose

The pmpose of this project was to design a conceptual large-scale offshore wind powered

fish feeding buoy to service four cages at the UNH OOA demonstration project site. Specific

requirements for the buoy included remote communication and refilling of the feed silo every

seven days. The group was not tasked with manufacturing, cost control, or deployment.

Approach

The task of designing a new conceptual spar buoy was undertaken by a group of six students

in the Ocean Research Projects class, Tech 797, at the University of New Hampshire. The

specific project goals included a concept design for a durable buoy structure to be maintained

at the site within the stable mooring system designed by the OOA project team, a reliable

design for pumping the feed, remote communication and monitoring capabilities, and that all

the power generated is by the wind. Energy &om the wind was a feasible clean solution to

offshore power. The use of rechargeable batteries removed the need to change fuel cells

often, and was a practical power alternative given the daily wind durations at the site. The

buoy was designed to deliver sufhcient feed to sustain every possible load of fish between

empty and maximum capacity.



With these design goals in mind, the group split into smaller groups to tackle separate parts

of the project, The project was broken down into the following areas:

1. Buoy structure- envelope design and ballast design,

2. Feed system- pumps, hoses, valves, and feed silo,

3. Remote Communication- feed system controls and monitoring,

4. Turbine-selection, power generation and storage,

5. Mooring system-stability, safety, and general sea keeping,

For each of these areas the design included studying feasibility, reliability, and durability of

all components.

Each section was designed separately and agreed on by the group as a whole. After initial

calculations and numerical models for theoretical performance were completed, an actual

model buoy was constructed and physical tests were run to determine how the buoy would

fare in the open ocean. Once the test results were analyzed, the model was modified

accordingly and tested again. Finally, the systems were modified and their respective

positions were fixed within the buoy structure and mooring design. The final model was

constructed with all representative weights and components included. Free release tests and

general sea keeping tests were run with and without the buoy anchored to the model mooring

systein and analyzed for stability and durability. Based on the performance of the model

buoy recommendations were made for a full-scale buoy design.

Site Description

The OOA site is currently located in 55 meters of water approximately 9.6 kilometers �

miles! off the coast of New Hampshire and 1.6 kilometers  one mile! south of the Isles of

Shoals' White Island. The exact location, 42 57' North Latitude and 070'38' West

Longitude, can be seen in Figure 3.



Figure 3: Location of the OOA Demonstration Project Site

The site is rectangular and covers 121,405 square meters �0 acres!  www,ooa,unh.edu!.

There are two cages deployed at the site, containing haddock and halibut. They rest

approximately 18 meters �0 feet! below the water's surface to decouple them Rom surface

motion and damp wave and current interaction with the cages.

Bottom type in the area is mostly low organic sandy silt and is relatively flat. There is a

small bedrock outcrop on the northern limit of the site skirted by a gravel or cobble apron.

Figure 4 shows the sea floor. The flat bottom improves mooring stability

 wwm,ooa,tmh.edu!.



Figure 4: Bottom Bathymetry

The buoy's design must withstand strong storm waves and breakers. The waves most

&equently recorded at the site range &om less than a meter to greater than five meters with

2 'd ff d *2 f ~ 2 d~d

Tidal ranges at the site were gathered &om data at the Isles of Shoals and &om observations

at the site itself. Maximum tidal ranges were determined to be approximately four meters

 www.tidesonline.nos.noaa. ov!.

Wind speeds are of great concern for power generation, The only historical average

sustained wind speed data was found through NOAA maintained C-MAN Station IOSN3

located on the Isles of Shoals. The anemometer height is 19.2 meters above sea level; some

error is introduced due to the difference between buoy elevation and station elevation. Once

again, of highest concern were worst-case scenarios: strongest and weakest winds, which

effect stability and energy production. The lowest sustained winds occur during the month of

August, The month of August, falling in the height of the summer could be a very active fish

growth time. This could mean that cages operating at maximum capacity would be relying

on the lowest wind power supply of the entire year. General winds for the rest of the year

range anywhere &om zero knots to hurricane force winds  www.ndbc.noaa. ov!.



II. Design Specifications

The buoy design is subject to many constraints and specifications. Design criteria included

the number of fish cages to be serviced, the type and stage of development of the fish, the

location of the site, the amount of power required of the turbine, the communication with the

buoy, feed line behavior Rom the buoy to the cages, and integration of the buoy with the

mooring system. In addition, the project team was given Rom September 2002 through April

2003 to complete the design and a budget of $2,000 dollars for fabrication and testing of the

model.

Feed Requirements

The primary purpose of the buoy is to feed the fish contained in four submerged cages. Cod

was used as the prototype for the feed system requirements. Design specifications included

the ability to sustain four 3000 m fish cages, each holding approximately 50,000 fish. At a

consumption rate of 3'/o body weight per day, at stocking size, the population of 250-gram

cod would require 375 kg of feed per day. At harvest size, the population of 700-gram cod

would require 1000 kg of feed per day. Assuming all four cages are filled with harvest size

cod, and given the design requirement of only one-grain silo refill per week, a silo capacity

of about 35 metric tons is required. Feed volume flow rates are determined based on two 30

minute feed cycles per cage, per day. For the harvest size cod, mass flow rate of 0.29 kg/s is

required. Given a sinking feed-pellet of specific weight 1.2, this translates to a 240 cm /s

volume flow rate  Chambers, 2002!.

Sea-Keeping Reqnirements

The buoy's intended use makes it necessary to be a quasi-stable platform in the open ocean.

This is difficult to accomplish given the conditions in the North Atlantic; currents, wave

heights, and wave periods are oflen quickly changing. The team is concerned with the heave



and pitch motion of the buoy due to the buoy's integration with the mooring system that

holds the fish cages. Motion of the buoy that is very dependent on wave heights and periods

will cause excessive strain on the mooring system and fish cages. The buoy must be

designed to remain relatively stable in various sea states, and to withstand severe storm

conditions.

Wave heights seen at the site vary &om less than one meter to greater than five meters on a

regular basis. The average significant wave height is taken to be 1.2 meters, based on

observations &om Boston and Portland data buoys June and July are

the least active months, and see maximum wave heights measuring 4 meters; in comparison,

during the most active months  the winter months! waves can reach heights of 7 m. The

group was most concerned with worst-case scenarios that were determined to be waves with

periods of 8 to 12 seconds and heights of 9 to 11 meters. Water temperatures vary Rom 2.5

to 10 C.

Energy Constraints

When placing a wind turbine on a buoy, there are many design factors that must be

considered beyond those normally taken into account when designing a rigidly mounted wind

energy system. Most of these factors result from the harsh sea environment described above,

and may include accelerated corrosion, temperature variation, and general buoy dynamics.

Due to the seawater environment, sea-spray may have an adverse affect on the wear of

certain tLubine components. Off the coast of New Hampshire, the buoy system will

experience large temperatiue variation over the four distinct seasons. Furthermore, because

the feed buoy is able to pitch and heave under a varying number of sea states the turbine will

also experience additional dynamic forces not taken into consideration for a rigid system. In

storm conditions, winds can be very high and waves will likely crash over the buoy hitting

the turbine.



Investigating data &om the National Data Buoy Center revealed that the month with the

lowest average wind speed � m/s! is August  

wind speed can be seen in Figure 5.

A monthly average of

IDSN3 AVERAGE 'ININD SPEED   KI40TSj-9II9&I - I2/2XII

Figure 5: This plot of wind speeds near the Isle of Shoals from 1994 to 2001 shows maximum, average,

Mooring System Design

The UNH OOA project team designed the mooring system for the proposed four fish cages.

The buoy must be incorporated into this system and have a minimal effect on the motion of

the cages located below it. As mentioned previously, stability is incredibly important in this

system; the buoy must be somewhat stable to increase energy yield and prevent damage to

the turbine and to the feeding lines. The mooring system must be stable to decrease motion

of the fish cages themselves.

The current two fish cages are moored on submerged single cage grids approximately 18

meters below the mean water surface. An interlocking grid of four squares has been

developed to moor four fish cages, and will also rest approximately 18 meters below the



surface. The large grid design has a footprint of 22,952 m . Figure 6 shows a top view of the

proposed grid system. The main grid is 16,900 m �30 meters per side!, with legs extending

151.5 meters  horizontally! &om the centerlines  Celikkol et al, 2002!.

Figure 6: Top View of the Mooring System

The feed buoy is to be located above and moored to the center of this grid. Eight submerged

buoys are used to keep the grid neutrally buoyant at the proper depth. The submerged buoys

at the corners of the grid have a net buoyancy of 11,120 N �,500 Ibs!. The submerged buoys

in the center of the edge lines have a net buoyancy of 3,225 N �25 lbs!  Decew, 2003!.

Polyform A-5 buoys are to be used at the surface and are approximately 0.7 meters in

diameter, 0.9 meters long, and yield 179.6 kg �96 lbs! of net buoyancy. The A-5 buoy can

be seen in Figure 7.
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Figure 7: Polyforrn A-Series Buoy www. ol ormus.com

The feed buoy is moored by a vertical line extending Rom its base to the center point of the

grid. A second vertical length of line extends from the grid center point to the ocean floor.

This line is not anchored to the ocean floor; rather, a length of chain is located at the bottom

of the line. This chain is a restoring mechanism that opposes the vertical  heave! motion of

the buoy, To reduce pitching of the feed buoy fotu bridle lines are tethered &om the ocean

surface to the grid. These bridle lines extend 16 meters from the feed buoy on the surface at

90' angles f'rom each other, to the four surface buoys, before descending to the center of each

side grid  Celikkol et al, 2002!. Figure 8 is a side view of the complete mooring system.

Figure 8: Side View of Mooring System
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The rope used in this design is typical heavy-duty mooring line and has a diameter of 0.0756

meters, an elastic modulus of 3.579 GPa, and a mass density of 1,025 kg/m, The total length

of rope utilized in the design is 2,199 meters. To obtain the desired effective spring constant,

the chain must have a mass per length of 680 kg/m.

Figure 9 shows an isometric view of the mooring system. Though complex, the system is

very robust, and the multiple anchor points serve as a safeguard against failure.

Figure 9: Sketeb of Comp!ete Mooring System

12



III. Design

The focus of this project is the design of a feed buoy to fit the specifications presented by the

Open Ocean Aquaculture Demonstration Project Team at UNH. The final design consists of

a steel structure 16 ineters high and three meters in diameter. The turbine mounted to the top

of the buoy is four meters tall and 1.8 meters in diameter, The damping disc located at the

base of the buoy is nine meters in diameter. Figure 10 is an isometric view of the design.

Figure 10: Isometric View of Buoy Design

The size of the buoy structure dwarfs the details located on the top of the buoy. Figure 11 is a

close-up of the turbine and top surface of the buoy.

13



Figure 11: Close-up of Turbine and Top of Buoy

This chapter describes finalized design in detail. The design has been divided into four main

components that will be discussed separately. The buoy structiue consists of the buoy,

damping disc, and internal structiual components, The feed system consists of the pumps,

valves, lines, and communications network necessary to deploy feed to the submerged cages.

The tLubine description will explain the turbine selection and power conversion system

chosen to maximize the energy yield &om the wind field at the site.

Buoy Structure Design

As described above, the intended purpose for the buoy located within the Aquaculture site is

to feed four fish cages. Knowing this purpose enabled the buoy structure and other systems

to be designed. The structure of the buoy is the most important aspect to be considered when

investigating the feasibility for this buoy. Due to the large scale of the proposed buoy, the

importance of having a sound structural design is clear. Equally important is how the buoy

will interact with the wave field. To minimize the motion of the buoy within the wave field,

the buoy was designed with spar-like characteristics. The long and slender, cylindrical shape

14



of the buoy will decouple its motion &om that of the waves  Berteam, 1991!. The damping

disc increases heave and pitch damping within the wave field.

As shown in Figure 12, the designed buoy is 16.6 meters long and has a cross-sectional

diameter of three meters. The structural steel shell thickness of the buoy is prescribed to be

0.02 meters. The ihmensions of the overall buoy structure @low for a feed silo capable of

holding the necessary volume of feed  see chapter II, Design Specifications, Feed

Requirements!. The designed silo is 14.8 meters long and 1.6 meters in diameter and has a

volume capacity of approximately 35 cubic meters. Attached to the bottom of the buoy is a

damping disc that helps damp out the motion of the buoy. It is designed to have a thickness

of 0.05 meters and have a diameter of 9 meters. There are eight holes cut out of the disc;

each has a diameter of 1.52 meters. The disc has a mass of approximately 14,660 kilograms,

The outer shell of the buoy will be painted with a rust-resistant paint to increase the life span

of the buoy. Detail drawings of the buoy structure can be found in Appendix A.

To keep the buoy draft constant, the buoy will take on ballast water as the feed is distributed

to the cages. The ballast water will be housed between the feed silo and the outer shell as

shown in Figure 12. The water will be let in through a 3-inch normally closed solenoid valve

in the shell. As the silo is filled water will be pumped out through another 3-inch normally

closed valve at the bottom of the ballast tank, using the feed system pumps  8/C Valve,

2003!. For every cubic meter of feed emptied &om the buoy, 1.2 cubic meters of seawater

will be added to the ballast tank. Capping the top and bottom compartments of the ballast

tank are two steel bulkheads, three centimeters thick, which secure the silo to the shell. The

top bulkhead is located one meter &om the top of the buoy. This top bulkhead supports the

batteries charged by the turbine that are used to power feed system and ballast valves, as well

as the communication equipment used to deploy feed. The lower bulkhead is located 0.75

meters &om the bottom of the buoy and supports steel cubes that serve as ballast in order to

lower the center of gravity and raise the draft. The compartment below the lower bulkhead

houses the feed distribution system. This bulkhead will be watertight to prevent flooding of

the feed distribution compartment.



In each bulkhead there is a hatch that Blows access to the lower compartment as seen in

Figure 12. There is a ladder connecting each bulkhead near the hatch. The ladder runs

perpendicular to the outer shell and is supported on either side by the shell and silo, The

ladder is 0.7 meters wide. The hatches and ladder allow access to the ballast tank as well as

the feed disWbution system for upkeep and repair, To access the lower compartment, the

silo should to be filled to capacity so that there is no ballast water in the tank. However, if

the ballast tank has water in it the lower compartment can be reached &om within the tank by

a diver through a double hatched, flooding compartment. Figure 12 shows a simple

schematic of the overall buoy structure with important dimensions and compartment labels.

Appendix A contains additional detailed figures.

Figure 12: Schematic of Buoy Structure with dimensions

Hydrostatically, the buoy is very feasible. Using Se weights and center of gravity heights

for each material located within the buoy, a total weight and center of gravity were

calculated, Steel cubes rest on the top of the lower bulkhead within the ballast tank to lower

16



the center of gravity and increase the draft, Table 1 shows the weights and heights of each

element within the buoy as well as the buoy's total weight and total center of gravity. The

buoy weights 99,066 kilograms, centered 5.884 meters from the bottom of the buoy. The

center of buoyancy is located 6.83 meters above the bottom of the buoy. The metacentric

height of the buoy is 0.987 meters  Savory, 2003!. This positive value indicates that the

buoy design is stable  www.fas.org!. The draft of the buoy is 13.66 meters; approximately

three meters remain above water.

Table 1: Masses and centers of large-scale buoy structure

Prefabricated elements that fit this design for the buoy structure were unattainable in the

dimensions and capabilities that are necessary, Therefore, all the parts of the buoy structure

must be fabricated.

Feed Distribution System Design

The silo capacity, along with an approximately equal volume of ballast tank, dictated the

dimensions of the buoy.  Refer to Buoy Structure Design~. A basic schematic of the feed

system and a list of each component can be seen in Figure 13 and Table 2, respectively.

Specifications for each component are found in Appendix C.

17



Figure 13: Schematic of feed distribution system.

Table 2: Feed Distribution Component List

,'... -. ": .: '-.'"'-',::;-,+.:.'-'-;.::;.:OescrI tion ',
irmal! Closed 2-Wa Solenoid Valve

irmali Closed 2-Wa Solenoid Valve

irmall 0 en 2-Wa Solenoid Valve

airmail Closed 2-Wa Solenoid Valve

airmail Closed 2-Wa Solenoid Valve

airmail Closed 2-Wa Solenoid Valve

destal-Mount T e 316 Stainless Steel Centrifu al Pu~m
destal-Mount T e 316 Stainless Steel Centrifu al Pu~m
.:MA C-Face DC Motor

.:MA C-Face DC Motor

rew/Au er Feeder

Flex-Hose

:MA 6 Enclosure

The feed delivery system uses a Lucky-Pond Horizontal Screw/Auger Feeder  see part N in

Figure 13! to empty the silo. The screw auger is capable of delivering 250 cm' of feed per

second.  wvnv.a uaticeco.com!. The feed pellets are forced into the stream of sea-water that

flows through 3 inch diarnctcr flex hose, pumped at rate of 55 gpm, using a Pedestal-Mount



Type 316 Stainless Steel Cen&fugal Pump  J! driven at 1800 rpm by the '/~ Hp DC motor  L!

Feed-water is prevented &om entering the silo because of the airtight

connection between the auger threads and the interior walls of the device. However, the

pump-side feed line valves, which are 3-inch normally closed,  D, E! are required to prevent

any backflow of the water/feed-pellet mixture  feed slurry! into the unused pump backup

The backup pump and drive motor  K, M! were included inpump!

ddt f dd' f ftt ld

This pumping system is integrated with the ballast tank system; the feed pump is also used to

empty the ballast tank when the silo is being restocked. A feed restocking port is located at

the top of the buoy. The feed is directed to the proper cage by a series of normally closed 3

inch solenoid valves  F, G, H, I! !, Three valves remain closed while the

valve in line to the cage being fed is energized and opened,

The feed slurry flows through 3" flex hose �! At the bottom of the
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buoy, where the feed lines enter the water, there is a manifold where four 3" holes are

machined through the bottom of the buoy, as well as the damping disc. Four 3" OD pipes are

fed through these holes and welded securely so that no water will enter the buoy. The

appropriate tube fittings will be connected to the interior and exterior ends of these four pipes

to make the transition &om interior feed lines to exterior feed lines. All connections will be

of NPT type. The design calls for the feed lines to be lashed to the central mooring line that

goes &om the center of the bottom of the buoy to the center of the grid. Extra feed line

should be used so as to account for any stretch that may occur in the central mooring line, or

the grid.  Refer to the mooring system description in chapter II. Design Specifications,

Mooring System Design!. The lashing can be accomplished be placing flanges at the end of

each length of feed line. The 3" flex hose is sold in lengths of ten feet. The bolt holes of the

flange will be used as a means of connecting the feed line to the mooring line. Locking

carabineers are an ideal means of connection because of their low-wear characteristics

d fd 'd. df dd did d tf d

appropriate fish cage, lashed to the cage grid lines in a similar manner as mentioned above.



Communication &om land to the buoy and its feed and ballast mechanisms is accomplished

via 900 MHz cellular communication. Figure 14 is a schematic of the communication

system,

Figure 14: Commumcations Schematic

A 10-channel, 2-wire remote control &om Velleman, Inc. will be used in concert with the

RTS-AutoPak Remote Telemetry System, made by Trans Tel Group, Inc.  www.velleman-
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~trit.com; www.transtei oo .com!. 'there are ten channels on the Vetteman device

controller, each corresponding to a feed system component on the buoy. There is one

channel each for 7 solenoid valves; one for the screw auger, one for the main pump motor

and valve, and one for the back up pinnp motor and valve,

The Velleman device controller has two components. One is located on land, and the other

on board the buoy. Inputs to the onshore portion will be pushbutton controlled. No

interlocks are included in the design, so the user will have explicit feeding, ballast intake and

ballast discharge directions. These directions are found in Appendix B, The onshore device

controller generates the 10 different dial tones, according to the user input. It is wired to the

onshore RTS AutoPak, a wireless modem that sends these dial tones to its receiving

counterpart onboard the buoy.

The onboard RTS AutoPak receiver collects the 900 MHz signals, and wires them to the

onboard half of the Velleman device controller, which takes the dial tones and closes the

appropriate circuit, energizing the appropriate device control relays, a.k.a. MOSFETs  rnetal-

oxide semiconductor field-effect transistors! onboard. The cellular transceiver will reqinre a

constant phone-line connection to prevent others &om dialing in and sending false

instructions to the buoy. Since the feed buoy's batteries will provide DC electricity,

MOSFETs will be used  instead of standard power relays! to avoid the potential problem of

energized the component is allowed to draw power &om buoy's batteries.

The onboard RTS AutoPak, Velleman device controller, and MOSFET's will be enclosed in

a 19.6" x 17.8rs x 18.8" fiberglass NEMA 6P electrical enclosure, located in the top

compartment. The wiring to the pumps and valves at the bottom of the buoy will be laid in a

single conduit, with waterproof seals through both the upper and lower bulkheads. The

NEMA 6P enclosure is submersible, watertight, dust tight, and sleet  ice! resistant

!.Tl is d birr fi ' I 1 . bl ft

submerged up to 30 minutes in up to 6 feet of water without harm to the contents. Data
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sheets on all of these components can be found in Appendix D. The components requiring

electricity generated by thc turbine are shown in Table 3.

Table 3: Components Requiring Power

Res'hick', ':-'::::::.Part Mime".--:.:":,:::-: ' ':.-.:=.':::,:.,'::,-Volta- e:: .-.'. Arn s
Ballast::intake'.:Vilve-='.:,:,"':,-",,=-.' ';:.':..::.::. ':.:::,.:: 24
Ballast'Dischar e,Valve-.".:"'';-"'�:.:" "::-':::.:.'.;:-'-. 24

.040.42

020.42

.56Feed:Water'Intake,Valve ',- -::;�.':- '.-., ';:: ."," 24 0.42

,56Main'P'ump<id@Feed':Line.,Valve:;-'; 24 0.42

Backs .Purn Midi Feed Line Valve 24 000.42

Ca e'.:Selector.-VaIves,:.,:,~ ';-.':: -::::::::." =.:";: 24

Ca e"..Selector.::Valves':!'-.";:-; ':.-!::: =:-: 24
0,42

.140.42

Ca e".Selectoi.::Vaqves"i'-".':.".:;,:::;:;:;:: -':;:;::::;:.-'::-';, 24 0.42

Ca e,Selector",Va/ves::-"�,".~"::.;,'-:;.,'::" ''.-:"::::.;-". 24
Main Piiin ':Motor:.'-':- "-,'.: '=":-'::,.-".-.-:,";".. "'::-'.".-,:,: 24
Backii -Prim' ".llllotor=':,:-..;,'+::' -:"."': ",:,'."',::::,"'-'. 24

0.42

' 6i'15.54

.001 5,54

,34Silo':Ein' 'tlei,:~'h::-::-::.':+':-';:�.-.';',:::;:::.:"-:;:.:-:-'::::-'.,":::.-',':.",';: 12

Cellular,.': T'ransce1v'er."-;-'.I~.�"~:;-::.;:-::..:,:" -. -'.: -::..::,-': 12
0.50

500.25

.60Device, ControIler.:: .:-:.;.- '.,:.';=:; I:-:::."; -:� '..':::::;.;:.,;: 12 0.30

.68Device'Control''Rela s ".;:,-'~"":-::-':-,'--.':-'=: I'-' 0.62524

i.93

Trrrbine Design

To piunp food to the cages the feed buoy requires a source of power. One of the primary

goals of the design team was to determine if the power needs of the feed buoy could be met

by harvesting energy from the wind, As mentioned previously in IL Design Specifications,

design constraints for this application include concerns relating to corrosion and the pitching

motion of the buoy.

In general, corrosion problems and temperature concerns are addressed with material

selection. Plastics and composite fiber materials will not corrode but sacrifice a little in

strength. Where strength and corrosion resistance are needed there is a large range of

stainless steels that will work, but these materials sacrifice weight and cost.



There are many types of wind turbines available. Design concerns such as the pitching of the

buoy and waves crashing into the turbine directly impact which type of turbine will be

chosen. Almost all turbines fall into two basic categories: horizontal axis, where the axis of

rotation of the ttn'bine is parallel to the direction of the wind, as in Figure 15, and vertical

axis, in which the axis of rotation of the turbine is perpendicular to the direction of the wind

as seen in Figure 16.

Figure 15: The Whisper H-80 is a horizontal wind turbine produced by wind stream power that can
provide 1000 Watts in 28 mph winds  Windstream, 2003!.

Figure 16: This is an example of a Helius turbine made by wind stream power  Windstream, 2003!.
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In general, a horizontal axis turbine will extract more energy than a vertical axis turbine of

the same size. However, a horizontal axis turbine will undergo severe stresses when a wave

hits it, especially on the blades. One design approach would be to design a weak spot where

the blades meet the hub and generator. When the waves hit the turbine, the blades break off

but leave the generator and other systems intact. The blades could be replaced when the feed

is delivered. The downfall is that the power needs of the buoy combined with the wind

available at the site necessitate that the blades be about 1.5 m long, and it could be difficult to

manufacture these so that they could be replaced after every storm without significant cost.

For a higher initial cost a vertic8 axis turbine could be designed to withstand moderate wave

impact.

Another downfall of horizontal axis turbines in this application is the pitching motion of the

buoy. When the turbine blade spins at a high rotational velocity 81 of the turbine's rotating

parts have rotational inertia. Pitching effects a change in that rotational inertia resulting in a

moment in the shaft supporting the turbine above the water, as well as the blades themselves,

This means that the supporting shaft would have to be much larger and stronger than one

used in a land based application. Also, most turbines use guide wires &om the shaft to the

ground to increase their strength; on the buoy there is little room to place guide wires. After

weighing these factors and communicating with Colin Kerr, an engineer at Windstream

Power Systems Inc., the design team decided that the best solution to the needs of this

application would be a vertical axis turbine.

The Helius turbine is a vertical axis turbine that can be fixed directly on the top of the buoy

and has been designed by Windstream Power Inc. This design group has a quote for a Helius

turbine that is 1.8 m in diameter and 4.4 m tall  sketch in Appendix A!. The turbine was

designed to operate in minimum conditions. As quoted, the turbine will produce 20.3 kWh

per week  Appendix C!. This is 6.3 kWh less than the estimated energy needs of the buoy.

Power generated by the turbine is proportional to the velocity of the wind cubed, so small

increases in the average wind speed will lead to large increases in the energy produced.

Months like November and December will produce much more energy than will be used.

Using extra batteries will allow for the storage of energy during these high wind months to be
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used in July and August when production is less than the demand. The amount of energy that

will need to be stored, 6 kWh, is not much for the large batteries that will be used. The

turbine will be constructed of aluminum and weigh 600 kg  see Appendix D!. A more robust

stainless steel model is available but costs approximately 30 percent more. Weekly trips will

be made to the buoy so maintenance of the turbine should not be a problem. As quoted the

Helius turbine costs $11,980  Windstream, 2003!.

The batteries chosen for storing energy extracted from the wind are type 12 HHG 8DM

produced by Rolls Battery, as seen in Figure 17. These are "deep cycle" batteries and are

designed to withstand many charges and discharges. These are rated to supply 275 Amp-hrs

over a 20 hr period, The design team has decided to implement eight of the type 12 HHG

8DM batteries in parallel. This should provide more storage capacity than will be needed for

the systems on the buoy on a weekly basis.

Figure 17: These batteries made by Rolls are designed for heavy cycling and have a '1-year warranty
 www.rollsb at tery.corn!.
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IV. Pdysical Modeling

This chapter discusses the testing performed on a scale model of the buoy design, Using

Froude scaling, a model was created to determine the damped natural &equency for heave

and pitch motion. The physical model also underwent sea-keeping tests using a simplified

mooring system in order to determine the buoy's heave and pitch response in certain sea

states,

The scaling and construction of the model, description of the testing facilities in the Jere A

Chase Ocean Engineering Laboratory  Chase Laboratory! at UNH, the &ee release tests and

sea-keeping tests will be described and discussed.

Model Design

To scale the model to a size that could be tested in the UNH Ocean Engineering wave tank,

Froude scaling of the full-scale design was implemented. Froude scaling utilizes the main

principle that the Froude number remains the same for both the large-scale buoy and its

small-scale model  Chakrabarti, 2003!. Froude scaling was used due to the importance of

gravitational, as well as inertial effects on the dynamics of the system. The length scale ratio

for this model is 28.162/I. The diameter of the small-scale buoy is 0.107 meters and its

height is O.S9 meters. The damping disc at the bottom of the buoy is 0.32 meters in diameter,

has a thickness of 0.0011 meters and the holes in the disc are 0.052 meters in diameter.

Each element of the large buoy was scaled using the scaling number. Table 4 shows the

required weights of each scaled element  proportional to scale ratio cubed! to be used within

the scale model, along with their respective centers of gravity. To retain similitude for pitch

motions, the major weight components were placed at the scaled component centers of

gravity.
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Table 4 - Masses and centers of large-scale buoy structure

Several weights were combined together and new lumped centers of gravity within the scale-

model were calculated for ease of construction, The scaled model has six main components

 see Figures 18 and 19!; the outer shell, a top and bottom plate, the silo, the damping plate

and the wind turbine. Each component needed to match the weight of an equivalent element

group on the full-scale buoy. The scaled outer shell is made of PVC with a density of

approximately 1,550 kg/m' and a thickness oI 0,0038 meters. The top plate has the
combined weight of the top bulkhead and the auxiliary weights, which include the weight of

the batteries and other power related equipment, This plate was made of aluminum with a

density of 2700 kg/m and has a thickness of 0,0065 meters. It is 0.08 meters in diameter and

the plate was centered 0,56 meters from the bottom of the buoy.

The lower plate combines the weight of the steel ballast cubes, the bottom bulkhead and the

feed distribution system, The steel plate has a density of 7,800 kg/m' and is 0.012 meters

thick, lts diameter is the same as the inner diameter of the outer shell, 0.099 meters, and was

centered 0.038 meters above the bottom of the buoy. The silo and feed were modeled as a

cylinder centered 0.291 meters from the bottom of the buoy. This cylinder was made of the

same density PVC as the outer shell and has a length of 0.461 meters. A copper rod of

0,0032 meters in diameter was fastened to the top of the aluminum rod representing the
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height and weight of the wind ttnbine. The length of the rod is 0.108 meters with a density

of 8,500 kg/m .

Each modeled weight was fastened using nylon nuts to an aluminum-threaded rod that passes

through the center of the buoy. The damping disc was bolted and sealed to be watertight on

the bottom of the buoy. This keeps the buoy rigid and allows for easy placement of weights

at their proper heights. The simulated feed silo was cut by 0.10 meters, to a length of 0.361

meters, to compensate for the excess weight of the aluminum rod and bolts used to hold the

weights in place. The theoretical scaled weight of the model buoy is 4.436 kilograms. The

actual buoy model weighs 4.421 kilograms. This gives a 0.294'/0 error in weight between the

theoretical and actual weights of the model. The draft of the model buoy using the actual

weight is 0.485 meters, which leaves 0.105 meters of water above the waterline. Figure 18 is

a picture of the separated buoy model with the elements distributed along the center axis.

Figure 19 shows the assembled model, ready for testing.

Wind turbine

op plate

Outer shell

Aluminum rod

eed silo

Dafnplng disc ottom plate

Figure 18: Separated Buoy Model
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Figure 19: Finished Buoy Model

Facility

All tests performed on the buoy model were conducted at UNH in the Chase Laboratory.

Free release and sea-keeping tests were performed in the wave/tow tank. The tank is 120 ft

long, 12 ft wide and 8 ft deep, and uses a single, hydraulically driven paddle to create waves.

Figure 20 shows the wave maker which is able produce waves with amplitudes up to 0.3 m

and periods between 0.75 and three seconds   unh d
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Figure 20: The wave maker can produce waves with amplitudes up to 0.3 m

Motion data from the model was acquired using the Optical Positioning Instrumentation and

Evaluation system  OPIE!. OPIE is an external, non-invasive measuring system that uses a

black and white digital camera to follow up to two designated points based on contrast

between light and dark pixels. The digital camera captures frames of the test at 30 Hz

transmits the images to the computer. The OPIE sofhvare was written in Matlab which

tracks the position of the dark pixels through time. From position, the velocity and

acceleration in both vertical and horizontal directions were calculated, If two dots are placed

along the axis of the buoy, then the pitch angle  angle from the vertical!, angular velocity and

angular acceleration can be calculated as well  Michelin and Stott, 1997!.

OPIE is calibrated by placing a paddle with a large black circle next to the buoy at the start of

the test, as shown in Figure 21. Wi&in the program the user inputs the distance from one

edge of the circle to the other in both the horizontal and vertical directions. The program

then knows the correlation between number of pixels and physical distance.
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Figure 21: A screeushot from OPIE showiug the cahbration circle.

Free Release Tests

Test Plan

Evaluation of the design includes determination of the damped natural &equency  or period!

of the heave and pitch motions of the buoy with no wave forcing present. It is important that

this damped natural &equency is not within the targeted operating range of the full-scale

buoy; waves at the site have f'requencies ranging fi.om 0.08 Hz to 0.3 Hz � second- 12

second periods!. Avoiding this range of &equencies is important to prevent resonance, a

situation where successive waves impacting the buoy cause increasing amplitudes of heave

and/or pitch, which may cause mooring system failures to occur.

The testing plan included &ee release tests in the wave/tow basin in the Chase Laboratory,

using the previously described OPIE system. For accurate results, several trials of both

heave and pitch responses were conducted, From the data, heave natural period and pitch

damped natural periods as well as the respective damping ratios were computed for each
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Method

In a &ee release test the buoy is slightly displaced &om equilibrium and released to

determine its response with no external forcing. The buoy was tested for heave response by

lifting it slightly above its equilibrium position so that the initial motion was downwards  see

Figure 22!. Physically pushing the buoy downward &om equilibrium has the same effect,

however, it was more difficult to acquire clean heave data using this technique due to yaw or

pitch motions induced. The pitch motion of the buoy was invoked by applying a disturbance

force perpendicular to the vertical axis. Once released, the buoy bobbed up and down  or

side to side in the case of pitch!. The OPIE system was used to generate plots of the pitch

and heave response, Four trials were performed to determine the heave response and three

trials were performed to determe the pitch response.

Figure 22: A picture of a free release trial
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Results

OPIE generates several plots that describe the motion, including angular and linear position,

velocity, and acceleration. The relevant plots for one heave test and one pitch test are shown

in Figures 23 and 24.

-4 4 11 2 2 4 4 4 I 4 4 14
Ieee  feel

4 4 I 4 4 14 11 12 12 14 15
Time feel

Figure 23: Heave Response Figure 24: Pitch Response

Not all of the responses were as "clean" as those shown above. The OPIE program had a

tendency to occasionally track a random dark spot on the wave tank wall before resuming

tracking of the buoy motion. This "jump" corresponds to random peaks in the response

plots, which were removed before analysis was conducted. Once the raw data had been

"cleaned", it was exported &om Matlab to Excel where was manipulated.
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The primary analytical tool used in determining the key second order system parameters was

the Log Decrement Method. This technique analyzes the decrease in amplitude over a

certain number of periods of oscillation to determine the important second order system

parameters, including damped natural period and damping ratio. It is apparent from the plots

shown above, that OPIE is unable to track the exact pixel location over the entire test. This

type of error is characterized by the jagged edges observed along the curve profile. For the

purposes of these tests, the jaggedness is overlooked, and the maximum and/or minimum

values were used in the Log Decrement Method. Once the critical systems parameters were

determined for each trial, the values were averaged over the number of trials for both pitch

and heave. Tables 5 and 6 show the experimental results for each trial, as well as the average

values,



Table 5: Model Scale Heave Motion

Table 6: Model Scale Pitch Motion

In these tables, Tq represents the damped natural period of oscillation, C, represents the

damping ratio, to� the un-damped natural frequency, b the damping coefficient, Mv the virtual

mass of the system, and I� the virtual polar moment of inertia. In order for this information

to be useful in determining the full-scale system characteristics, the results where re-scaled

using the scale ratio. Froude scaling requires that periods are proportional to the square of

the scale ratio. Once the model v as "scaled-up" using the scaling number of 28.162 the data

was compared with the calculations for the full-scale theoretical model. Tables 7 and 8 have

tabulated values for the re-scaled second order parameters.

Table 7: Full Scale Heave Motion
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Table 8: Full Scale Pitch 51otion

Table 9 summarizes the model-scale and full-scale results found for the free release tests.

Table 9: Summary of Heave and Pitch Dainped Natural Period and Damping Ratio

Discussion

Table 9 shows that the average full-scale heave and pitch damped natural periods are

approximately 12.1 seconds and 17.6 seconds, respectively. Data from UNH's Wave Rider

Buoy shows that the average dominant period of wave excitation is about S seconds, with

storm waves coming in at periods of 8-10 seconds. The heave and pitch damped natural

periods of the buoy are both well above the dominant wave periods observed near the Isles of

Shoals, even under storm conditions. The buoy has an excellent heave damping ratio of

0.233. While the system characterized as under-damped with respect to heave, the response

showed that most of the heave motion was dissipated within 2 cycles. The pitch damping

ratio is calculated to be about 0,077. While this is not as high as the damping ratio of the

heave, the pitch amplitude is reduced by 8S'lo within four cycles, In addition, these values

can be compared with tests conducted before a damping plate was added to the buoy design.

Without the plate, the buoy system was highly under-damped with heave and pitch damping

ratios of 0.017, and 0,02S respectively. Damped natural periods without the damping plate

were found to be in the rniddle of the wave excitation range of highest energy, The results of

the &ee release tests with the damping disc confirmed that the pitch and heave motion are

within acceptable limits for our design.
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Sea Keeping Tests

The purpose of the sea-keeping tests was to determine the response amplitude operator

 RAO! of the buoy. The RAO is the ratio of the response amplitude to the input amplitude

 in this case, the buoy heave or pitch angle to the wave height!, and is very useful in

characterizing an object's behavior in the ocean. In this section the plan of testing and the

method will be described; the results will be .listed, and discussed.

Test Plan

The buoy was tested with a simplified mooring design, consisting of the large grid and

vertical mooring line as described in the Mooring System Design in IL Design Specifications,

It was assumed that the motion of this grid is very small in the ocean, allowing the grid to be

fixed at the corners. The chain at the bottom of the vertical line was modeled with an elastic

string with equivalent spring constant of the chain's motion. A series of single frequency

tests were performed, Table 10 summarizes the periods and wave heights applied during

each test. Data was recorded twice for each test, except test 7, which was recorded once.

Table 10: Summary of Test Parameters

Method

A description of the buoy model can be found in Model Design, at the beginning of IV.

Physical Testing, The mooring system was scaled with the same scale ratio �8.162/I! used

in the fabrication of the physical model. Because of the width of the tank  see Facility!, the

grid was not as wide as scaling called for; the grid should have been 15 ft on each side, but

tank constraints only allowed for a grid of 12 x 15 ft.. The assumption that the grid is



decoupled from the wave motion, which allowed for the corners of the grid to be fixed,

resulted in the width of the tank not being a concern, This is also confirmed by finite

element analysis results in chapter VI, Computational Modeling, Finite Element Anal»sis of

the Mooring System. In addition, the waves travel in the same direction as the fully

proportioned model grid. Figure 25 shows a schematic of the test grid,

wave propagation

Figure 25: Sea-Keeping tests setup. The corners were fixed with 2x4's clamped to the walls of the tank.

Waves were generated by one, large, hydraulically driven paddle. The waves were dissipated

at the other end of the tank with a turbulence inducing "beach". The motions were recorded

using OPIE  described in Facihty! through the viewing window of the tank. Figure 26 is one

frame of the movie taken by the digital camera. Figure 27 shows the buoy during a test.



Figure 26: One image captured by the digital camera. OPIE tracks the black dots located on the side of
the buoy, and the black lower surface of the wave-follower ball.

Figure 27: The Buoy During a Sea-Keeping Test

A wave follower ball was used to measure the wave heights independent of the buoy motion.

The ball was allowed to move vertically on a taut string; the underside was painted black to

allow OPIE to track the ball.



Results

Each test was analyzed using OPIE for the heave  vertical! and pitch motions. The data was

then processed in Matlab. A ten- point running average was used to smooth the data, and the

data mean was normalized to zero. Figure 28 shows the difference between the raw and

averaged data.

Actual and Running Averaged Data, T=1.5 sec  model scale!
1.5

0,5

5
0

0

K

-0.5

Z -1.5 0
3 4

Time  sec, model scale!

Figure 28: Comparison between the raw, noisy data, and the averaged data for the heave motion of a test
with an input of T=1.5 seconds and H=5 cm, model scale.

Each data set was then analyzed for the average height  difference between the peak and the

trough! of the motion. For the data sets corresponding to the wave follower ball, this

indicated the wave height. The buoy heave height represented the range of vertical motion of

the buoy, and the pitch "height" indicated the range of the rotation of the buoy about the

vertical axis passing through its center of buoyancy. All pitch values in this section are taken
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to be degrees from the vertical. Figure 29 is an example of the data recorded for a model

scale period of 1,5 seconds  eight seconds full scale! and a wave height of five centimeters

�.4 meters full-scale!. Figure 30 is a plot of the pitch results for the same test.

Test 3a: Model Scale, T=1.5 sec, H=5 cm

I 5 CO
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Ol
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47 -1
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Figure 29: Results from a test at T=1.5 seconds and H=5 cm, model scale. This corresponds to an 8
second sea at 1.4 m for full scale.
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Test 3: Model Scale, T=1.5 sec, H=5 cm

-3 1 1,5 2 2.5 3 3.5 4 4.5 5 5.5 6

10

Time  sec!

Figure 30: Pitch results corresponding to the graph in Figure 27. The test had a period of 1.5 seconds and
a wave height of 8 seconds, model scale.

Figure 31 plots the heave RAO for each test and the average heave RAO for each frequency.

As expected, the value of the RAO decreased with increasing &equency, a characteristic of

the damping disc.
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Full-Scale Heave RAO
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Figure 31: This plot of each test RAO and the average RAO at each frequency shows a decreasing trend
in the RAO as the frequency is increased.

The pitch RAO is the ratio of the pitch angle about the vertical to the wave height. The pitch

RAO is plotted in Figure 32 for each of the &equencies tested.
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Full-Scale Pitch RAO
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Figure 32: The transfer function of the pitch response to the wave height at each frequency can help
identify a resonant situation.

Discussion

The data acquired &om the sea-keeping tests is very encouraging. The RAO for the heave

response is below one, which indicates that the buoy's heave motion will be quite

independent of the wave heights. For the two highest &equencies, the buoy motions recorded

by OPIE are actually within the error range of the meastuement, and are simply noise. The

RAO recorded at these frequencies is therefore a conservative value. Because OPIE looks

for any dark pixel, and cannot follow the same pixel throughout the analysis, measurement

error is introduced due to the size of the black spot OPIE is following. For all data this error

was approximately+0.5 centimeters.

During testing an interesting phenomenon was observed at a frequency of 0.667 Hz model

scale; the buoy had a significant response in the direction normal to wave propagation. This
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frequency corresponds to a full-scale &equency of 0.125 Hz, which is the damped natu.al

period of the spar buoy, without the damping disc, This out of plane motion also causes the

pitch to be much higher at this &equency, as seen in Figure 32.

The damped natural &equency of the buoy with damping disc was found to be 0.0824 Hz. In

testing this &equency displayed little resonant response in the heave; the RAO was 0.785,

which follows the trend of the data for this buoy. However, the pitch RAO was slightly

higher at this value.



V. Computational Modeling

This chapter will discuss the computational analysis performed on the buoy design. These

analyses were done using finite element analysis soAware, both commercial and developed

locally. A finite element analysis of the stress in the buoy structure was performed to ensure

structural reliability and identify weaknesses in the design. A simulation of entire buoy and

mooring system was performed under varying sea states to deterinine the full-scale system's

response. This was investigated using the program Aqua-FE  Tsukrov et al, 2000! developed

at UNH and sheds light on important characteristics that cannot be seen in scaled physical

model testing.

Finite Element Analysis of Buoy Structure

Finite element analysis is necessary to finalize the design of the buoy structure. It is

important to look at the stresses caused by the buoy's motion through the water. A full-scale

model of the buoy structLue was developed using the Finite Element software package MSC

Mare. In developing the mesh, the buoy's overall characteristics were kept intact. The

damping disc located at the base of the cylinder  spar! was modeled as a solid disc without

holes for ease in creating the mesh. If the stresses within the structure are acceptable without

holes, the stresses obtained with holes should be acceptable as well. There is also concern

about the deflection around the edges of the damping disc as the buoy moves within the wave

field.

Mesh

This finite element mesh consisted of many quadrilateral elements acting as shells. These

quad elements made up the spar of the buoy. Quad elements were also used to create the

damping disc and the caps on the spar; the entire mesh can be seen in Figure 33. Once the

spar and the disc were completed, the gussets were added to help reduce the stress

concentration at the joint between the spar and the damping disc. There are eight gussets
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located equidistant around the cylinder. They are attached to the damping disc about 1.8

meters f'rom the base and to the spar three meters above the disc,

Figure 33: 3-D FEA Buoy Mesh

Load Cases

Once the buoy mesh was generated, the load cases were applied to the buoy structure. There

were two main pressures considered when analyzing the buoy structure as it moved vertically

in the water. The first was the pressure of the ocean water on the spar. The pressure applied

to the spar by the ocean is dependant on depth. This linear function of depth was calculated

along the submerged length of the spar, and applied to the proper faces. The second major

loading condition was the pressure on the disc, which is induced by the velocity of the buoy

as it moves vertically through the water. This loading condition was divided into two parts to

be considered separately: the buoy's downward motion, and the buoy's upward motion.

Using the results &om the See release heave tests, a maximum velocity was determined for

each condition; the maximum full-scale velocity of the buoy in the downward direction was

approximately 8.6 meters per second and the maximum velocity of the buoy in the upward

direction was about 2.9 meters per second. The forces acting on the disc due to the heave

motion were calculated kom the experimental damping constant and the heave velocity, The

forces were applied to the appropriate areas of the disc to obtain pressures. The maximum
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velocities correspond to equivalent pressures of about 3,290 Pa acting on the topside of the

disc  going up! and 8,708.6 Pa acting on the bottom of the disc  going down!.

Figine 34 shows the loading conditions applied to the buoy as it descends through the water.

This figure shows that the resistance to the buoy's motion is the pressure acting on the

bottom of the disc. Figure 35 shows the loading conditions applied to the buoy as it ascends

through the water with the pressure applied to the top of the disc.

Figure 34: Downward motion Figure 35: Upward motion
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Results

These two loading conditions were run several times for two varying geometric properties.

One trial kept the thickness of the disc constant at 0.05 meters and varied the Ouckness of the

spar shell. The second analysis kept the thickness of the shell constant at 0.02 meters and

varied the thickness of the disc. !n each case, Mare calculated the maximum equivalent

stress both the spar and disc according to von Mises equivalent stress formula
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steel!  Lardner et al, 1994!. Another important result of these tests was the maximum

displacement of the disc under each loading condition.

The plots of maximum equivalent stress verses the varying thickness of both the disc and

shell can be seen in Figures 36 through Fi~e 39. In these figures, T represents the

thickness. The safety factor found at each thickness is also displayed in Figures 36 through

39. The large data points shown correspond to the actual buoy design dimensions. The first

two plots �6 and 37! correspond to the downward motion of the buoy. In Figure 36, the

maximum stress within the disc is much greater than that of the shell. The safety factor

versus thickness for the disc increases as the thickness of the shell increases.

Figure 36: Sigma Max vs. Thickness of the shell  T disc! = 0.05m!



Figure 37 shows a similar trend. However, as the thickness of the disc increases, the stresses

within the disc are much lower than when the shell thickness was varied. The safety factor

also increases with disc thickness but has a much steeper slope.

Figure 37: Sigma Max vs. Thickness of the disc  T shell! = 0.02m!



Figures 38 and 39 correspond to the upward motion of the buoy. Figure 38 shows the same

trend of decreasing stress with an increasing thickness, though the maximum stress in the

shell is much greater than that of the disc.

Figure 38: Sigma Max vs. Thickuess of the shell  T disc! = 0.07m!
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The plot in Figure 39 shows a similar trend to Figure 37, The inaximum equivalent stresses

within the disc are much greater than the stresses within the shell. Similarly, the stress

decreases tremendously as the thickness of the disc increases. The safety factor of the disc

rises significantly with the increase in disc thickness. ln all cases, the stress decreases with

the increase in thickness of either structure. This corresponds to an increase in the safety

factor of each case as thickness increases.

Figure 39: Sigma Max vs. Thickness of the disc  T shell! = 0.02m!

Figures 40 and 41 are two plots of the maximum displacernent of the disc under each loading

condition for each analysis. Figure 40 shows the maximum displacement of the disc as the

thickness of the disc increases. Figure 41 is a similar plot as the thickness of the shell varies,

Both plots show a significant decrease in the maximum displacement of the disc as the

thiclmess of both the disc and shell increase.
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Figure 40: Max Displacement vs. Thickness of the disc  T shell! = 0.02m!

Figure 41: Max Displacement vs. Thickness of the disc  T disc! = 0.02m!
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Discussion

The results of the finite element analysis of the overall buoy structiue show that the stresses

in the disc and the shell associated with the prescribed loading are acceptable. The loading

conditions were derived to mimic the pressures that the buoy will experience while in the

ocean. The shell of the spar is designed to be 0.02 meters thick and the disc has a thickness

of 0.05 meters. The results associated with these geometric parameters show that the buoy

structLu'e will be able to withstand the loading applied to it in the ocean. The maximum

equivalent stress that will be placed on the buoy structure will be less than 45 MPa. Based

on the results of the tests, the structure of the buoy will have a minimum safety factor of

about 9.5. The maximum displacement of the disc associated with each loading condition for

the designed geometric parameters was less than 4.5 mm, The desired value of

displacernents is not explicitly defined. The displacements should be small, however, to

prevent large, repeated stresses over time and to minimize fatigue of the material. Based on

this finite element study, it is concluded that the designed geometric parameters of the buoy

structure will sufficiently limit the stress in the disc and spar and will minimize the

displacement of the disc.

Finite Element Analysis of Mooring System

Mesh

The finite element mesh of the full-scale buoy and mooring system was created using the

MSC Mare Mentat user interface, and analyzed using a UNH developed sofhvare called

Aqua-FE, created specifically to model systems deployed in the ocean  Tsukrov et al., 2000!.

The model consists of 564 truss elements  Aqua-FE is only capable of analyzing truss

elements!, 444 of which contain mass. The remaining 120 "massless" elements are used to

maintain rigidity in the structure.

The buoy was modeled by representing sections of the actual design by a series of truss

elements with appropriate mass densities and cross-sectional areas; Table 11 summarizes the
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geometric and material properties defined for each element. Figure 42 shows tke finite

element mesh of the buoy. All components of the buoy were given an elastic modulus of 2.0

GPa,

Figure 42: The finite element mesh of the buoy; the user interface is MSC Mare Mewtat. All elements are
truss elements to be used with Aqua-FE.

The grid is modeled using approximately 384 rope elements. The rope has a density of 1,025

kg/m, and a cross-sectional area of 0.0049 m, with an elastic modulus of 206 MPa. A model

of the full grid can be seen in Figure 43.
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Figure 43: The full mooring grid. All the anchor points are given boundary conditions of fixed
displacement  equal to 0!, and the grid contains 384 elements.

The eight submerged and four surface buoys that support the grid are modeled as small

cylinders with proper mass densities for their prescribed buoyant force. Buoys with a net

buoyant force of 1,761.5 N �96 ibs! were used for all 12 buoys in this model, though the

mooring design calls for a higher net buoyancy to be used for the submerged grid.
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Table 12: Summary of Load Cases

The current for the first 5 tests was 0.25 m/s  -5 knots!, constant throughout the water

column. The current for the "worst case" situation was 2.5 m/s �.9 knots!.

Results

Aqua-FE allows the user to identify specific node and element results of interest. The tensile

stress is of particular interest in the elements that are fixed at one node. Stresses were found

in the "anchored" grid leg elements, as well as the stress in the elements that share the node

connecting the buoy's vertical mooring line and the grid center. The vertical displacement of

the outside edge of the grid, and the vertical displacement of the buoy were also analyzed.

The displacement of the grid corners and bisecting edge points was used to verify the

assumption that the grid motion is independent of the wave motion, which is utilized in the

sea-keeping tests  see IV. Physical Testing, Ennea-keeping Tests!.

Table 13 gives the maximum stress at an anchored element for each of the frequencies tested.

The stresses at the anchor points were well below the maximum tensile stress of the rope

�15 MPa!, and the stress at the bottom of the central mooring line was low for the calmer

sea states. The maximum stress at the anchor points for the worst-case sea state was one

order of magnitude higher than those of calm seas.

Table 13: Sununary of Rope Stress at Grid Anchor Points
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Due to the flexibility of the mooring system, no stress was induced in the elements

surrounding the connection of the grid and the central mooring line, even in the extreme sea.

For the calm sea states the displacement of the grid was found to be minimal; the

displacement was within 0.1 m  for a 1.4 m wave height!, validating the assumption of small

grid displacements made during physical testing  al] physical tests were in relatively calm

seas!. Because of the strong current, the grid displacement for the storm sea was much

higher; this can be seen in Figure 44.



Figure 44: A frame of results of the storm sea. The current Aows in the positive x direction.

The heave of the buoy is of interest because of its effect on the feed distribution system and

the turbine. The heave was found to be varied, and even for tests of 60 seconds did not

appear to reach steady state. For the 0.125 Hz calm seas, Figure 45 shows the buoy heave.
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Wave Height and Buoy Heave, T=8 sec, H=1.4 m
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Figure 45: Input Wave Envelope and Buoy Heave as Modeled by AquaFE

The small current present in this test appears to have little effect on the motion of the buoy or

grid. It is important to note that because of the constraining mooring system, however, the

buoy experienced dramatic negative heave in the 11-second storm sea test.

Discussion

The maximum tensile stress of the rope is approximately 215 MPa; even in the storm seas,

the maximtnn stress found in the rope at the anchor points was only 42.9 MPa, giving a

safety factor of 5. This result indicates that the mooring grid is relatively stable. Stability in

this mooring system is important for many reasons, all of which have been discussed

previously in this report. Stability is very important for the buoy itself because of the power

generating wind turbine mounted to it,
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Through computational testing it was found that buoys with 1,761 N of buoyancy were

acceptable for all submerged and surface applications. Buoys of higher buoyancy were

originally applied to the submerged grid corners, and were found to be too buoyant.

Computational testing also verified an assumption made during physical testing; in calmer

seas the grid motion is fairly independent of buoy motion, allowing the corners of the test

grid to be fixed.

The displacement of the buoy in the computational model did not quite agree with that found

during physical testing. This can be due to several factors, the most obvious of which is that

the computational model grid is "perfect", while the physic@ grid was not exact. In addition,

the computational model is analyzing the displacement of the top node of the buoy, under the

assumption that a rigid structure will have the same displacement throughout, while the

physical model displacement was measured towards the center of the buoy. The assumption

of rigidity may be compromised by the node located at the waterline in the buoy center

element, 13.66 meters above the damping disc, Final causes for the discrepancy could arise

Rom the computational model itself. It is important to note that the computational model did

mirror important characteristics that the physical modeling brought to light, particularly the

pitch response at a &equency of 0.125 Hz.

One important observation that should be noted is the amount of pitch in the buoy in the

storm sea state. The mooring system was designed to reduce pitch and heave motions, to

keep the turbine as stable as possible, and reduce the effect of the buoy's motion on the fish

cages below. This extreme pitching motion is of concern because of damage to the turbine

and disturbance to the fish cages. It is assumed that storms will be the exception, and that

most sea states will induce much less pitch; this assumption is verified through the other

computational tests and physical tests  see IV. Physical Tests, Sea-keeping Tests!.

Computational modeling offers an important comparison to the physical modeling results.

For this project computational modeling offered the opportunity to experiment with different

grid buoys, and the ability to apply much stormier conditions than can be created in the wave
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VI. Conclusion

The intent of this design team was to propose a method of delivering food to four submerged

cages each holding approximately 50,000 fish. The desire was service this feeder no more

than once a week for restocking the feed. It was calculated that 200,000 fish could require as

much as 35 metric tons per week. The space needed to store this volume of food, plus

systems for delivering it, and space for ballast to be taken in to maintain a constant draA as

the buoy emptied necessitated a very large design. The buoy that this group is proposing is

three meters in diameter and 16.6 meters long. Admittedly this is incredibly large. To put

this into perspective the mean depth of the site is 52 meters; the Mft of the proposed buoy is

about 25'/0 of the total depth at the site. When originally designed the damped natural

frequency of the buoy was the same as that of storm condition waves, which would have lead

to a resonant situation. Options for modifying the natural &equency were to decrease the

diameter, increase the mass, or add something to act as a damping mechanism. A sufficient

decrease in the diameter led to an unacceptably long buoy and the mass necessary to decrease

the frequency of the buoy would have caused it to sink. Thus the only option to decrease the

natural &equency was to add a damping mechanism, a nine-meter diameter plate on the

bottom of the buoy.

The economics of a buoy of this magnitude were outside the realm of this project but &om an

engineering standpoint this group believes this to be feasible. Finite element analysis of the

mooring system and the buoy shows that the structure is sound. The feed delivery and ballast

maintenance systems can be built with "off the shelf' components. A turbine has been

designed that will meet the power needs of all the systems and withstand the harsh conditions

in the Gulf of Maine, Before a full scale feed buoy is built systems such as the remote

control system, the pumps for adding ballast as the feed is emptied, and the feeding auger

should be tested. If these tests are successful and the benefits outweigh the costs then this

design group asserts that a self-sustaining buoy can be built to feed all four fish cages at the

UNH Open Ocean Aquaculture site off the Isle of Shoals.
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VIII. Appendices

The four appendices that follow contain supporting information for this design report.

Appendix A contains detailed drawings of the design. These include dimensioned drawings

for the selected components. Manufacturers specifications for prefabricated materials called

for in the buoy design are located in Appendix B. Specific processes for deploying the feed

can be seen in Appendix C. Appendix D contains the raw data  in graphical form! &om the

physical model tests. Graphs of the heave and pitch response for both the free-release tests

and the sea-keeping tests are included.
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A. Detail Drawings

Buoy Assembly.

Top Section.

Middle Section.

Bottom Section.

Feed Silo.

Helius Turbine.
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B. Buoy Feed System Operating Procedures

To begin feeding:

1, Be sure ballast discharge valve is closed, it is normally closed.  Turn switch "B" to off!.

2. Be sure the feedwater intake valve is open, it is normally open.  Turn switch "C" to off!.

3. Open one and only one of the cage selector valves.  Turn switch "F", "G", "H", or "I" to on!.

4. Turn on the main pump motor and main pumpside feed line valve.  Turn switch "D" to on!.

5. Turn on the screw/auger silo emptier,  Turn switch "N" to on!,

To feed a different cage, once feeding has begun:

1, Open the cage selector valve to the cage you want to start feeding.  Turn switch "F", "G",

"H", or "I" to on!.

2. Close the cage selector valve to the cage you want to stop feeding.  Turn switch "F", "G",

"H", or "I" to off!.

To stop feeding:

1. Turn off the screw/auger silo emptier,  Turn switch "N" to off!.

2, Turn off the main pump motor and main pumpside feed line valve.  Turn switch "D" to oft!.

3. Close all cage selector valves.  Turn switch "F", "G", "H", and "I" to off!.

To take on ballast:

1, Be sure ballast discharge valve is closed, it is normally closed.  Turn switch "B" to off!,

2. Open the ballast intake valve.  Turn switch "A" to on.!

3. Close the ballast intake valve after taking on the appropriate amount of ballast.  Turn switch

"A" to on,!

To discharge ballast:

1. Be sure the feedwater intake valve is open, it is normally open.  Turn switch "C" to off!.

2. Open one of the cage selector valves.  Turn switch "F", "G", "H", or ' I" to on!.

3, Turn on the main pump motor and main pumpside feed line valve,  Turn switch "D" to on!.

4. Open the ballast discharge valve.  Turn switch "B" to on!.



S. Close the feedwater intake valve.  Turn switch "C" to on.!

6. When tank is empty, open feedwater intake valve.  Turn switch "C" to oA!.

7. Close the ballast discharge valve.  Turn switch "B" to off!,

8. Turn off the main pump motor and main pumpside feed line valve.  Turn switch "D" to off!.

Close all cage selector valves.  Turn switch "F", "G", "H", and "I" to off!.
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C. Prefabricated Component Specifications

Main and Backup Pump Motor

Main and Backup Pump.

Solenoid Valves.

Feed Lines.

Velleman Device Controller

RTS AutoPak %'ireless Modem.

MOSFET's.

Screw/Auger Feeder

Electrical Enclosure.

Helius Turbine...

.. C-2

C-6

.. C-9

... C-10

.. C-11

.. C-12

C-13

.. C-14

.. C-15



DC Motors &. Gearmotors
.or information about electric motors, see ~a. 888,

DC Motors

REMA C-Face Mount
Square-Flange Mount

The permanent magnet design means that the motor field is
supported by magnets instead of copper windings, giving you a
lighter weight motor that's more economical to operate. With linear
speed/torque characteristics over the entire speed range, these
motors can be used with a control for applications that require
adjustable speed aiid constant torque. For adjustable speed controls,
see 7729K on paar. 771for 12 and 24 VDC motors; see 7793K on
~ae 771 for 0-180 VGC motors. Great for braking and reversing
applications. All motors have permanently lubricated ball bearings.
The brush/spring assembly is easy to access for trouble-free
maintenance. Housing is steel. End shields are die cast aluminum.
Rotation is reversible. Rated for continuous duty. Motors have Class
F insulation and a side junction box, except as noted.

NENA C-Face motors offer direct mounting to equipment with
the matching configuration and also include a removable steel bolt-
on base for mounting versatility. 12 VDC and 24 VDC motors are
great for mobile and generator-powered applications. They have a
totally enclosed nonventilated  TENV! enclosure, except as noted, 90
VDC and 180 VDC motors offer a high starting torque for heavy
loads. They have a totally enclosed fan-cooled  TEFC! enclosure.

Square-flange motors operate on 12 VDC to 24 VDC and have a
totally enclosed nonventilated  TENV! enclosure.





Pedestal-Mount Bronze Centrifugal Pumps without Motor

Connect these pumps to your motor, gear reducer, or belt drive to transfer and circulate water,
They have a bronze housing and open brass impeller. ShaR is Type 303 stainless steel, s/a"
diameter, and has self-lubricating double ball bearings. Maximum temperature is 210 F. Fluids must
be compatible with wetted parts  materials in contact with solution!, Wetted parts are bronze, Buna-
', carbon, ceramic, Type 303 stainless steel, and Vellumoid.

li kh r to of a e for details
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Straight Centrifugal Pedestal Pumps
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i echincai Infortndtion

NORMALLY OPEN  OPEN WHEN DE-ENERGIZED!
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Operational Sequence / Flosv Patterns:

24Vay Normally Closed 24Vay Normally Open

Wattage Rating I Power Consumption:

AC
Inrush Amps = Volt-Amp Inrush / Voltage
Holding Amps = vok~p Holding / VoltageAC

inrush Current
Vms
385

Heating Current V
ala

Wattage Wattage

200
65
37

Since DC valves have no Inrush current, the amp rating can

be determined:
97

58
Amps = Watts  DC! / Voltage

Valve Dimensions:

Brass Valves

C-7

Vottsge
�0Hz!

24
120
240

3108N-
662ON
3110N-
662ON
3116N-
662ON
3120N-
712ON

DC 1/2" FPT

A372-

12 VDC CN-

Canister



Latching Valve 2-Wire Circuit:

Red  +! is for Latching;
Black  -! is common

Lead Wires:

Current Pulse: A 12 VDC 30-50 ms pulse is

required to latch actuator in

the

open or closed position. A

pulse longer than 50 ms may

cause the armature to re-

actuate.

C-8

Other configurations and materials are available for special requirements. Please contact the factory
or fiil out

the custom a lication form with your requirements.



Pure Gum Rubber Tubing

~ Temperature
Range: -70' to
+160a F
~ Color: Tan
~ Durometer, Shore
A: 45
~ Tensile Strength:
3000 psi
~ Elongation: 700'io
~ Sterilization: Not
rated
~ Material Meets:
FDA  food and

beverage!, Fed.
Spec. ZZ-T-831D
~ Fittings: Barbed
 see pages 111-
118!

Smooth Finish Rough Finish

This natural rubber heavy-wall tubing has a rough-textured finish  except where noted!. Provides excellent
abrasion resistance, yet isn't as resilient, soft, or smooth as latex rubber tubing. Use for abrasive media, air,
chemical, food, and beverage transfer lines. Not pressure rated; use for gravity flow applications. Not rated for
bend radius. Vacuum-rated tubing withstands vacuum up to 29.9" Hg at 70 F.

C-9



10-CHANNEL, 2-WIRE REMOTE CONTROL
Order Code: K8023

This kit allows you to
control up to 10 devices using only 2 wires at a long distance. Microprocessor controlled, inputs can be
push-buttons, switches or open collector outputs from another device. The receiver section provides 10 open
coliector outputs that allow you to control relays directly. Terminal block connectors for all input and output
connections are included. All outputs are provided with LED indication. Can be used with our kits: K6711,
~K8 0, ~8006,... Can be connected to oor standard relay card: ~K67 4 or tL66774- 66.

Specifications

~ 10 open collector outputs: 50V / 100mA

~ tested to a distance of up to 50m �5 yards! between control- and receiver section
~ operating voltage: single 12-15V AC or DC, 300rnA
~ dimensions:

~ control pcb: 70 x 50 x 16mm �.7" x 2.0" x 0.60!
~ receiver pcb: 103 x 50 x 24mm �.0" x 2.00 x 1.00!

~ recommended adapter: ~PL'1

Last Update: 11 liar 2003

! 2000 Vellemane Components N.V.
Al vi l e m in Yell bsite
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Remote Telemetry System AutoPak

Transceiver:

Power Supply: Keyed connector with cable for 12-VDC input from storage battery
Low voltage and thermal protection of cefiular transceiver
Selection of optional batteries and complete solar assemblies for a wide range of applications
Optional AC input supplies for special requirements
Varistor and RFI filtering, transient and overcurrent protection for RJ11 connections
External ground lug.

RJ11 Jack for data or voice, RJ45 jack for programming, testing, and antenna setup
AutoSafe automatic transceiver activation
Two wire, loop start
Ring voltage, 25 Hz, 60 Vrms, 150 V p-p
Dial Tone: 350 Hz/440 Hz square wave
Maximum REN=3

User Interface:

RTS-SPM Power Management Module

Environmental: NEMA 3R weatherproof enclosure
Thermal shutoff protection
-40C to 60C  -40F to 140F! operating,
-40C to 80C  -40F to 176F! storage
5'/o to 95 lo percent relative humidity, non-condensing

Punch-outs for 1/2-inch conduit to accommodate electrical and telephone wires, securable latch
Size: 11 inches H x 8.5 inches W x 5 inches D
Weight Approximately 8.5 pounds  induding battery!
Optional bracket for mounting cellular antenna

Mechanical:

Motorola Series IV Cellular Radio - rated at nominal 3 watts maximum power output, TNC antenna
connector
Terminal block with dry-contact dosure for indicating loss of cellular signal
Motorola messenger receiver; TNC antenna connector.
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l6$@SFor - OavtdV.Partua'
Oeinutment of N»chaniealKngln»»ring
Univ»rally of New Hampahir»

Sp»cwic»Nona:

Overap»»d control integral

Dlmenaiona

On 3m wide buoy.

On top of turbine.

Prie»  »ingham unit!:

C-15

Rated power

Rated wind»pe»d

Power production

Power output

SSO waNe �0A amp»raa at 24 voila nmnhaai!.

1S ml'a»c,

X,SkNhlday ig@kNhhwa»lg at Smtaec avaralle wind
»peed.

24 voNa dc nominal AM v regulated fioat voltage!
for «harglng 24 volt battery pN4

Sectrordc voSage regulator includecL

KN»ct drive encapsulated three phaae bruahhma
permanent magnet alternator.

Aluminum ccumtru«Non - SOS'.
Itainl»aa »teal conatruclon - SSNrg.

Height -44m.
Oulaide diana@or {fram»! 14m.

Aluminum eonatructlon - $1 "I,SSO.
Stainl»ea at»el coriatruclon - $1$,10'



D. Raw Data Plots of Physical Test Results

Free Release Tests for Heave aud Pitch

Heave Response
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Pitch Response
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Moored Sea-Keeping Tests

Test 1a: Model Scale T=0.75 sec, H=2 cm

0.8
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Test 1b: Model Scale, T=0.75 sec, H=2 cm
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Test 2a: Model Scale, T=1 sec, H=4 cm
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Test 2b: Model Scale, T=1 sec, H=4 cm
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Test 3a: Model Scale, T='l.5 sec, H=5cm
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Test 3b: Model Scale, T=1.5, H=5 cm
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Test 4a: Model Scale, T=1.8 sec, H=7 cm

Time  sec!

Test 4b: Model Scale, T=1.8 sec, H=7 cm

3 4
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Test Sa: Model Scale, T=2.3. H=5 cm
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Test 5b: Model Scale, T=2.3 sec, H=3 cm
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Test 6a: Model Scale, T=3 sec, H=5 cm
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Test 6b: Model Scale, E=3.0, H=5 cm
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Test 7: Model Scale, T=1.5 esc, H=12 cm

Time  sec!

Test 2: Model Scale, T=1 sec. H=4 cm
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Test 3: Model Scale, T=1.5 sec, H=5 cm
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Test 4: Model Scale, T=1.8 sec, H=7 cm
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Test 5: Ivhdet Scale, T=2.3, H=3 cm
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Test 6: Model Scale, T=3 sec, H=5 cm

0 1 2 3 4 5 6 7 8 9 10

-2 0 1 2 3 4 5 6 7 8 9 10
Time  sec!




