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ABSTRACT

A full-scale prototype of a small (2.3-m diameter) high data rate telemetry buoy

is designed, built and tested. A unique hybrid configuration consisting of a

toroidal disc and spar configuration is developed through an iterative design

process which includes both numerical and experimental techniques. Full-scale

ocean tests are conducted with the system instrumented to measure buoy

dynamics. Environmental conditions including current and wind speed and

direction as well as wave height and direction are measured and recorded. The

buoy is demonstrated to exhibit dynamics which permit 2-way communications to

a geostationary satellite from an inertially stabilized antenna in conditions though

sea state 4. The buoy's displacement, dimensions, mass and mass distribution

are all varied both analytically and through experiments to arrive at a

configuration which, prior to ocean testing, appears to exhibit the desired

attribute of minimizing roll and pitch motions. A frequency domain analysis of

the buoy/mooring system is used as a design tool in developing the full-scale

prototype. Data collected during the sea trials is reduced for comparison with

the predicted motions.
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CHAPTER 1. INTRODUCTION

Telemetry buoys and specifically satellite telemetry buoys have been employed

in gathering and transmitting oceanographic data for a number of years. Most of

these may be characterized as low data rate (.1-10 bps) systems. High

bandwidth satellite communication systems have typically required large

antennae (1.2 - 2 m diameter) which must be pointed at a satellite in

geostationary orbit. Only the largest class ("Monster Buoys") of oceanographic

buoys are capable of supporting these large communication systems with their

attendant power requirements. Recent advances in the communications

industry have resulted in the miniaturization of some fairly high bandwidth

(2.4-64 k bps) systems, but these units still require accurate pointing. The

objective of the present effort is to design, build and test a small «3-m diameter)

buoy more typical of oceanographic deployments with the energy capacity and

dynamic characteristics which can support this emerging satellite communication

technology.

1.1 The Importance of High Data Rate Telemetry Buoys

In 1994, the National Research Council convened a review committee of the

Oceans Studies Board to assess planning for the proposed Global Ocean

Observing System (GOOS) [National Research Council (1994)]. Among their

findings were, "Oceanographic and marine meteorological data are extremely
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important in the production of products and support services for operations in the

ocean environment. These functions are vital for the safe and efficient operation

of ships, aircraft, and all manner of coastal and offshore activities, as well as for

achieving the full commercial potential for industries such as fisheries, seabed

mining, oil and gas extraction, coastal engineering, marine meteorology, and

tourism. In addition, national defense and public safety depend on timely and

accurate data collection and analysis, and distribution of useful products.

Improved warnings of extreme weather events have the potential to save many

lives each year." Oceanographic studies, particularly large ocean experiments

with decadal time scales and global space scales, will benefit enormously from

high band width telemetry buoys [Briscoe et al. (1987)]. Some advantages are

quasi-real time data recovery, insurance against premature failures, adaptive

control of instrument functions, expendability of instruments, and the potential for

rapid data assimilation by models and distribution of data to users. To date, this

technology has not been exploited.

1.1.1 Potential Applications in Science

The TAO (Tropical Atmospheric and Oceanographic) array has been identified

as an existing model upon which to base future GODS enhancements and

developments. Figure 1.1 depicts the location of the now 70 TAO moored buoys

deployed in the equatorial Pacific as part of a major study toward development of

an interannual weather/climate prediction capability. The TAO array represents

2



the current state of the art for moored oceanographic satellite telemetry buoys,

However, due to the telemetered data throughput limitations of the service

ARGOS satellite system upon which it relies, most data is still stored onboard

and recovered with the buoy on semiannual visits to each site. Only 64 bytes of

data per day can presently be transmitted from each buoy. One major objective

of GODS will be to increase the data throughput of such oceanographic buoys.

Continued advances in sensor technology will undoubtedly continue to increase

the bandwidth requirements of data transmission. In addition to present and

future oceanographic/meteorological monitoring stations, there are a number of

other immediate needs which could be met by a higher bandwidth telemetry

buoy.

1.1.2 Potential Applications in Commerce

The U.S. Department of Transportation's Federal Aviation Administration (FAA)

currently has a pressing need for a high data rate telemetry buoy [FAA (1995)].

Aircraft in the southern part of the Gulf of Mexico Flight Information Region (see

Figure 1.2) for which the FAA is responsible, are unable to establish direct pilot

controller communications due to the limitations of line of sight Very High

Frequency (VHF) radio transmission. This condition restricts airspace capacity

by necessitating greater aircraft separation for safety reasons. Increasing traffic

demand due to economic growth and increased impetus for trade because of the

North American Free Trade Agreement (NAFTA), have met with the inelastic
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airspace capacity resulting in delays and inconvenience for travelers and

economic hardship for carriers. In order to overcome these limitations, the FAA

is considering utilization of high bandwidth satellite telemetry buoys to extend

voice communications throughout the required service volume. The current FAA

plan calls for the installation of inertially stabilized satellite antennae similar to

the one proposed here mounted on 12-m discus buoys depicted in Figure 1.3.

This discus buoy is used as a baseline for further comparison to the much

smaller (2.3 m) buoy described herein.

1.1.3 Potential Applications in Defense

The U.S. Department of Defense (DOD) also has a potential immediate need for

a high bandwidth satellite telemetry buoy. The Atlantic Ocean, off the coast of

Ft. Pierce, Florida has been selected as a site to evaluate for installation of a

submarine acoustic tracking range. Typically, these acoustic ranges are

permanent sites where submarine cables return test data to a shore installation.

However, prior to making the substantial investment requisite for such a

permanent facility, the Naval Undersea Warfare Center Detachment, Atlantic

Undersea Test and Evaluation Center (AUTEC) is planning to demonstrate a

prototype shallow water tracking range at the study site of this investigation

(Figure 1.4). A grid of transponders, installed at the apexes of equilateral

triangles would be installed on the ocean bed. An externally-armored coax cable

is serially connected to each of the transponders. Upon interrogation by one or
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more acoustic tracking pingers, a transponder emits a continuous wave burst

onto the cable instead of into the water. An array of three transponders will

provide a tracking coverage of about 2 nautical miles radius. The cable is

brought to a distance well beyond the tracking area, and then connected to a

junction box where a surface buoy would be moored. Signals are received by

the buoy and the data is transmitted back to shore. Initial near shore

deployments may be achieved with line of sight RF telemetry. However, over

the horizon transmissions will require a satellite link. The proposed tracking

range is depicted in Figure 1.5.

1.2 Literature Survey

1.2.1 Telemetry

A very thorough review of the motivations and methods for ocean data telemetry

is presented by Briscoe et al. (1987) summarizing the history and state of the art

in telemetry buoys up until that time. When a moored buoy is within line of sight

of a shore-based antenna then standard VHF/UHF as well as packet VHF/UHF

may be considered [Chavez et al. (1991), (1994)]. The focus in this

investigation, however, is aimed at high data throughput from over the horizon.

Those technologies which provide for global telemetry capability are briefly

summarized.
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1.2.1.1 ATS

The Applications Technology Satellite series [Briscoe et al. (1987)] was a test

program by NASA that began in the 1960s. The ATS-3 satellite was launched in

1967 as a test of direct broadcast of television to remote locations. Time on the

satellite is made available to the oceanography community for experimental

communications from research ships and remote land sites. Presently available

are 3 voice channels and several bands for data telemetry at 1200 baud nominal

rates. ATS-3 is in geosynchronous orbit with 24-hour coverage from

(approximately) Hawaii to the Azores and to about 70-degrees latitude; the

orbital inclination allows the polar regions to be seen for about 4 hours each day.

The uplink is near 149 MHz and the downlink is near 136 MHz. Access to this

system is restricted. ATS-3 was only designed to last 18 months and is now

nearing 30 years in operation. It may fail at any time without warning.

1.2.1.2 ARGOS

The ARGOS system, operational since 1979, is a French instrument aboard a

NOAA satellite (the TIROS or NOAA series), and a combination of U.S. and

French ground stations plus a French computing system. Small platform

transmitter terminals (PTT) uplink data in the 400 MHz band from various

oceanographic and other environmental data platforms. The data downlinked

from ARGOS (136.77 or 137.77 MHz) is received at one of three ground
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stations, sent to France, processed, and then made available over several

systems. The uplink, typically a less than 1 second burst at 401.65 MHz at a

one-minute repetition rate and carries a maximum message length of 256 bits.

Although 256 bits every minute is an average of 4 bps, the polar-orbiting satellite

is in view for only a few minutes every few hours. The typical data throughput

with ARGOS is about 0.1 bps, or about only 1000 ASCII characters per day.

1.2.1.3 GOES

There are several Geostationary Operational Environmental Satellites (GOES) in

orbit [MacCallum and Nestlebush (1983), Clark (1983)]. Each GOES carries a

Data Collection System (DCS) that is capable of handling higher data rates than

ARGOS. The maximum data throughput is 100 bps, but full-time use of the link

is not possible. Typically, permission is obtained from NOAA, who assigns a

time interval of a minute every 3 hours or so for data transmission. This

suggests effective throughputs of about 0.5 bps. Somewhat higher duty cycles

may be possible in special circumstances. The DCS is designed for 200

domestic channels (401.7 to 402.0 MHz at 1.5 kHz spacing) and 33 channels

(402.0 to 402.1 MHz at 3 kHz spacing) for international use.

1.2.1.4 INMARSAT-A,B

Originally called MARISAT, this communications system is now the International

Maritime Satellite Organization (INMARSAT) [Heitman (1983)]. It is based on an
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array of geostationary satellites that provide worldwide coverage except at the

poles. The terminal and antenna requirements are massive, expensive, and

power-consumptive, thus better suited to ships than to buoys. Table 1.1 is a

summary of the modes of data telemetry available at the time of the 1987

review. At that time, only INMARSAT-A and INMARSAT-B bands were

available, neither of which were feasible for small telemetry buoy applications.

However, since then both INMARSAT-Cand INMARSAT-M technology has been

developed. Table 1.2 summarizes the salient features of each of the INMARSAT

communication services including those most recently developed.

1.2.1.5 INMARSAT Standard-C

Standard-C is a low-cost, light-weight satellite communications terminal

[Bell (1986), Gambaruto (1986)]. It works through the INMARSAT satellites and

networks, but is limited to 600 bps data rates (the data are actually sent at

1200 bps in an error-correcting code). The antenna is omnidirectional and is

10 cm in diameter by 6-cm high. Power requirements are not substantially larger

than required by GOES equipment which is also using geostationary satellites.

It uplinks in the 1530-1545 MHz band and downlinks in the 1631.5-1645.5 MHz

band. Standard-C data rates are significantly higher than the ARGOS and

GOES rates now available to oceanographers, but still 4-8 times less than

INMARSAT-M. For higher data rates a stabilized, directional (pointing) antenna

is required.
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1.2.1.6 INMARSAT·M

INMARSAT-M is the term used by INMARSAT for the all-digital service

introduced in 1993 as an alternative to their analog Standard-A service

[INMARSAT (1994)]. It allows the use of smaller terminals consuming less

power than was possible with the older system. It also makes more efficient use

of the available frequencies, permitting more transmissions within the same

bandwidth. INMARSAT-M operates from four satellites in orbits above the

equator. They move at the same rate as the rotation of the earth, so they

appear to be stationary from the ground. An INMARSAT-M call involves a

ground station or network coordination station (NCS) common calling channel

(NCSC), which is used to originate and set up the call, and a pair of working

frequencies to carry the actual high bandwidth transmission.

TABLE 1.1 SUMMARY OF TELEMETRY SYSTEMS

Typical Power Long-Term
Telemetry Option Coverage Throughput Requirement Availability

ARGOS Worldwide 0.02-0.2 bps 1-10 J/bit Yes
ATS Hawaii to 0.3-1 .2 kbps 0.5-1 J/bit No

Azores.
But Non-Polar

GOES/METEOSATI Worldwide 0.2-2 bps 1-2 J/bit Yes
GMS/INSAT except

polar regions
VHF (line-of-sight) 10-50 km from 0.3-1.2 kbps 0.02-0.1 J/bit Yes

receive station

Meteor-burst 2000 km from 1-20 bps 0.2-1 J/bit Uncertaindue
masterstation to licensing

HF Packet Variable up to 1-30 bps 1-10 J/bit Yes
worldwide

*From Briscoe (1987)
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At the present time, the satellites use a single beam which covers all parts of the

earth from which the satellite is visible (called the global beam). Future plans

are to add spot beams, each of which covers a smaller area. Use of a spot

beam would permit use of lower power and more flexible frequency allocations.
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1.2.1.7 LEO

To date, no oceanographic telemetry buoy has been designed that can take

advantage of the INMARSAT-M service. Perhaps another reason that this

technology has not been developed has been the anticipation of recently

proposed networks of Low Earth Orbit (LEO) satellites [Soneria (1994)]. Unlike

the satellites accessed by INMARSAT which are in geostationary orbits of more

than 19,000 nautical miles, dense constellations of the proposed LEO systems

would orbit the earth at only a few hundred nautical miles. The closeness of the

satellites reduces the signal delay that occurs with geostationary satellites.

Because less power is needed to communicate to a LEO, the need for large

transmitters is eliminated, and the cost of the user terminal is lower. Some

estimates suggest that the RF power level will be reduced by 100 times. Lower

cost and adaptability to buoys could also be realized by the use of

omnidirectional antennas. One such proposed LEO system dubbed IRIDIUM

would require a constellation of 66 satellites (yet to be launched). With 66

satellites in 6 orbital planes, every square inch of the earth would be covered.

While the promise of LEOs looms on the horizon for oceanographic telemetry

buoys, the first announced schedule for its arrival has already slipped. There

are more obstacles----technical, economical and geopolitical which have yet to be

overcome prior to the realization of any LEO based telemetry buoys and these
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systems are still several years away. For the remainder of this century, it would

appear prudent to solve existing problems with existing satellites.

1.2.2 Buoys

Those studies found in the literature which specifically address buoy dynamics

are typically aimed more at predicting motion as it relates to the forces subjected

to the platform and mooring to ensure adequate design. There has been little

prior motivation to predict buoy dynamic response in the detail required for

geostationary satellite pointing. Notable exceptions are in the case of spar

buoys where focus is on detuning the buoy's heave characteristics from

responding to sea state excitation or in wave following buoys where efforts are

made to design the buoy to respond with the sea elevations. In either case,

however, only one degree of freedom is of primary concern. In fact, most

analytical buoy studies to date have typically been limited to two degrees of

freedom. Researchers at Woods Hole Oceanographic Institute (WHOI) have

developed moored oceanographic buoys which use toroidal floats [e.g., Berteaux

(1968), Berteaux and Walden (1969) and Berteaux and Chhabra (1973)]. This

type of mooring is the basic platform for the TAO array [Milbern and McLain

(1986)] discussed in Chapter 1. The design of these systems typically employed

only static analysis [Martin (1968), Berteaux and Chhabra (1973), and Moller

(1976)]. WHOI has developed a two-dimensional frequency domain model to

13



predict heave and roll motions of an unmoored spar buoy [Berteaux et al.

(1977)].

The National Data Buoy Center (NOBC) has developed a variety of buoy

moorings as outlined in May (1986). NDBC has been responsible for the

development of a number of numerical models including the frequency domain

model described by Hoffman et al. (1973) adopted in this investigation. Other

models have been developed at the Naval Research Laboratory among them

CABUOY [Wang (1978), Brett (1980)]. Scale model testing in wave tanks for

small buoys conducted [Berteaux and Boy (1986)] has provided, at best, limited

qualitative results. Perhaps the single most significant conclusion from these

scale model tests is that there is a need for more fully instrumented, full-scale

model experiments such as those described here.

Following is a brief description of some of the generic classes of buoys and their

characteristics to provide a basis of comparison with the hybrid design of the

present buoy system. Other surveys of buoy hulls may be found in Spiess

(1968), Hoffman et al. (1973), Berteaux (1976) and Garzke et al. (1978).

The discus buoy has a large water plane area and small displacement and is

considered to be a surface following buoy [Clay (1983)]. Advantages of the

discus buoy are that it exhibits low drag in currents and waves. Large discus

buoys have withstood capsizing in moored deployments during severe sea

14



states including hurricanes [NDSO (1979)]. It is a few of these same 30 year old

surplused 12-m buoys which are currently being refurbished for the FAA's Buoy

Communication System described in Chapter 1.

The boat buoy also has a large water plane area with respect to a relatively

small displacement and is, therefore, also a surface following buoy. NDSC's

NOMAD is the most widely used boat buoy. The NOMAD buoy has a high

natural frequency in roll but displays good stability primarily due to its low center

of gravity.

The spar buoy has both a small water plane area and a relatively large

displacement. Large spars may be designed with a natural frequency in heave

and pitch/roll outside the range of maximum wave energy frequencies [Cavaleri

and Mollo-Christensen (1981)]. However, small spars tend to exhibit large pitch

and heave displacements. Because of their small water plane area of the spar,

there is limited reserve buoyancy to provide a satisfactory hydrostatic restoring

force to counteract current-induced mooring loads. Berteaux (1986) indicates

that spars with drafts of less than 20 m exhibit poor responses in pitch and roll

and their survivability during storms is poor.

15



CHAPTER 2. DESIGN APPROACH

The air traffic control mission of the proposed FAA buoy, described in Chapter 1,

is one of such strategic importance that interruption of its continuous

communications must be avoided at all cost. Accordingly, the 12-m buoys

proposed by the FAA have sufficient displacement to support diesel generators

for essentially unlimited power and high performance (and high cost)

communication systems of massive weight and proportion. These buoys

actually provide below deck access so that personnel may routinely board them

to perform routine maintenance. The 12-m buoys would be towed to their

installation site by ships, and their operation will require a substantial onshore

facility and investment. This design problem has not yet been solved. The

defense application described in Chapter 1, that of a submarine tracking range,

serves as a basis for the present design. This provides for both a very well

defined set of Design Requirements as well as the opportunity to test a full scale

prototype at the actual site off the coast of Florida where it would be ultimately

deployed and operated. The study site is described in more detail in Chapter 4.

Table 2.1 is a set of proposed design requirements summarizing the attributes

that such a telemetry buoy must exhibit for this application. The most obvious

difference between this and the FAA buoy is its relative size. The tracking range

buoy must be of a size which can be rapidly transported, deployed and

recovered from a small buoy tender or workboat. This constraint has the

greatest influence over the other parameters of the design including the
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buoy's geometry and weight, energy storage capacity and mission duration,

stability and dynamics and the limiting environmental conditions in which it can

operate. Fortunately, unlike the air traffic control buoy, this system is not

required to operate continuously through very high sea states. Exercises carried

out on the submarine tracking range are conducted during conditions in which

the buoy can reliably maintain communications. Loss of transmitted data is

minimized through error correction algorithms. What's more, the consequences

of a lost data packet does not carry with it the potentially serious consequences

as in air traffic control. Thus, the performance requirements of this much smaller

buoy are less severe than those imposed on the 12-m FAA buoy. In order to

meet the Design Requirements stated in Table 2.1, successful communications

must be possible only through sea state 4 (see Table 2.2) and the system must

survive deployment through a sea state 6.

TABLE 2.1 SYSTEM DESIGN REQUIREMENTS

No. Parameter Performance
DR1 Communication 2 way
DR2 Data transmission rate ~ 2400 bps
DR3 Max. data record ~ 10MB per transmission
DR4 Max. No. transmissions 10 per deployment
DR5 Operational sea states 0-4
DR6 Survival sea states :5;6
DR7 Depth 100-300 m
ORB Distance from shore >50 km
DR9 Deployment duration :5;3 mo.
DR10 Life cycle ~5 yr.
DR11 Deployment/recovery method vessel :5; 35 m
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The methodology adopted in this design is outlined as follows:

(a) Identify candidate configurations within the weight, dimensional and logistic

constraints for transport, deployment and recovery set forth in Table 2.1,

DR-11.

(b) Identify a communications system capable of meeting the data throughput

requirement of DR1-DR3, and ORB, and which can be accommodated within

the constraints of (a).

(c) Devise a system capable of providing the electrical power required by (b) in

sufficient capacity to meet the Design Requirements DR4 and DR9, and

satisfy the constraints of (a).

(d) Provide sufficient static and dynamic stability in order that the system meets

the minimum survival conditions and duration of DR6 and DR1 O.

(e) Optimize the system thus far defined to tune its fundamental dynamic

response characteristics in order to maximize communication throughput

based on the antenna performance of the system selected in (a).

(f) Apply accepted analytical methods to predict probabilistic performance of the

system in conditions described in DRS.

(g) Verify predictions with full-scale experiments.
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Although described above as a serial procedure, this design process is actually a

highly iterative one with multi-interdependencies among each aspect.

Notwithstanding these iterative loops within the process, the steps (a) through (f)

follow generally the rank and order of the process which is now described in

more detail. The size constraint and communications link drive most of the other

dependent parameters as is discussed in each of the following sections.
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TABLE 2.2 SEA SCALE FOR FULLV ARISEN SEA

Wave height ft
Wind Significant
vel., rangeof Lavg.
Range, Avg. 1/10 periods, Tavg. wave-

SEA Description knots Avg. highest sec period length
STATE Sea like a mirror. Less 0 0

than 1
0 Rippleswith the appearance of scalesare formed, but 1·3 0.05 0.10 Up 10 0.5 10 in.

without foam crests. 1.2 sec
Smallwavelets, still short but more pronounced; crests have 4-6 0.18 0.37 0.4-2.8 1.4 6.7 ft.
a glassyappearance, but do not break.
Large wavelets, crests begin to break. Foam of glassy 7-10 0.6 1.2 0.8-5.0 2.4 20
appearance. Perhapsscatteredwhite horses. 0.88 1.8 1.0-6.0 2.9 27
Small waves,becoming larger; fairly frequentwhitehorses. 11-16 1.4 2.8 1.0-7.0 3.4 40

2 1.8 3.7 1.4-7.6 3.9 52
2.0 4.2 1.5-7.8 4.0 59

3 2.9 5.8 2.0-8.8 4.6 71
I\) - Moderatewaves, takinga more pronounced long form;many 17-21 3.80 7.8 2.5-10.0 5.1 90

4 while horsesare formed(chance of some spray). 4.3 8.7 2.8-10.6 5.4 99
5.0 10 3.0-11.1 5.7 111

Large waves begin to form; the white foam crests are more 22-27 6.4 13 3.4-12.2 6.3 134

5 extensiveeverywhere (probablysome spray). 7.9 16 3.7-13.5 6.8 160
8.2 17 3.8-13.6 7.0 164
9.6 20 4.0-14.5 7.4 188

Sea heaps up and white foam from breaking waves begins 28-33 11 23 4.5-15.5 7.9 212

6
to be blown in slreaks along the direction of the wind 14 28 4.7-16.7 8.6 250
(spindriftbegins10be seen). 14 29 4.8-17.0 8.7 258

16 33 5.0-17.5 9.1 285

7
Moderately high waves of greater length; edges of crests 34-40 19 38 5.5-18.5 9.7 322
break into spindrift. The foam is blown in well-marked 21 44 5.8-19.7 10.3 363
streaks along the direction of the Wind. Spray affects 23 46.7 6-20.5 10.5 376
Visibility. 25 50 6.2-20.8 10.7 392

28 58 6.5-21.7 11.4 444
B High waves. Dense streaks of foam along the direction of 41-47 31 64 7-23 12.0 492

the wind. Sea beginsto roll. Visibilityaffected. 36 73 7-24.2 12.5 534
40 81 7-25 13.1 590



2.1 logistic Considerations

Again, were it not for constraints, more conventional means of solving the

problem; e.g., large spars or the 12-m discus buoy would be under

consideration. However, the need for rapid deployment, recovery, maintenance

on board a small vessel, or simply rapid replacement with another small,

refurbished buoy distinguishes this as a unique problem. While cost is not

discussed in this investigation as a dictated parameter, in order to build a full

scale prototype for at sea experiments, it is implicit that this system be

economical to produce. Moreover, in order for the system to be considered for

production in multiple units either for a temporary tracking range or for wide

acceptance as an oceanographic telemetry buoy, it must not exceed the

instrumentation allowance for such programs. The vessel used for the at-sea

experimentation is the 34-m LOA Research Vessel Sea Diver, owned and

operated by Harbor Branch Oceanographic Institution. It is representative of the

smallest class [Class IV, UNOLS (1993)] of research vessels which would likely

be engaged in oceanographic research beyond near shore coastal waters. Also,

it is likely to be one of the vessels actually engaged in deployment and recovery

of the tracking range buoys. Figure 2.1 provides the inside height and width

dimensions of the RN Sea Diver's stern mounted overboarding fixture, that has

a rated lifting capacity of 10,000 kg. Any system launched from this vessel must

be within these limits.
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The conceptual design approach is to combine the desirable attributes of a disc

and a spar buoy. However, the A-frame height restriction of approximately 5 m

precludes any substantial and therefore potentially beneficial spar draft. Instead,

a detachable spar-like keel was devised (see Figure 3.2). Thus the 5-m

constraint only limits the height of the disc buoy and superstructure. The spar

keel was designed to be inserted in an annulus through the center of the discus

hull, once the buoy is translated to a position cantilevered off the stern of the

vessel. While this procedure was successfully accomplished at sea during the

first deployments as described in Chapter 4, it proved to be a very difficult

maneuver and potentially hazardous to both the system and personnel in even

calm conditions. While the removable keel design was still required to facilitate

adjustment of its draft during the parametric experimentation described in

Chapter 3, the concept of assembling the buoy at sea was abandoned. Instead,

the assembled buoy would ultimately be secured for transit chained to the deck

with its keel actually below the waterline as depicted in Figure 2.2.

2.2 Communications

As discussed in Chapter 1, INMARSAT-M represents the smallest and least

power consumptive communication system currently available which meet the

data requirements stated in Table 2.1. While the power required for data

telemetry is relatively low, «1 J/bit) the power required to drive the stabilized

base is considerable. This is addressed further in the section addressing power.
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TABLE 2.3 INMARSAT-M ACCEPTABLE 90% POINTING ERROR

Roll ±20°

Pitch ±20°

Yaw ±5°

INMARSAT has established operational requirements for antenna pointing error

to limit interference with other satellites [INMARSAT (1994)]. Table 2.3 lists the

90% acceptable pointing errors required by INMARSAT. The antenna must

point within these limits at least 90% of the time. Any marine earth station (MES)

comprising a stabilized antenna intended for installation onboard a vessel must

meet the pointing error criteria of Table 2.3 in order to be approved for

commissioning into the INMARSAT-M system. At this date, at least one

manufacturer [Magnavox (1994)] has produced an MES which meet these

criteria when mounted on many relatively small (~20m typical) boats. The

acceptable range of vessel dynamics for the Magnavox 3400 is provided in

Table 2.4. This system is used as the baseline for providing acceptable dynamic

and power requirements of the prototype buoy.
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TABLE 2.4 ANTENNA DYNAMIC PERFORMANCE

Displ. Vel. Ace.

Roll ±20° 20o/sec 21°/sec2

Pitch ±20° 20o/sec 21°/sec2

Yaw ±270° 12°/sec 21°/sed

Heave N/A N/A 14.7 rn/sec"

Surge N/A N/A 4.9 m/sec"

Sway N/A N/A 4.9 rn/sec"

*Maximum tolerable

The antenna assembly consists of a multi-element planar array antenna, a

pedestal control unit, a stabilizing and pointing system, transmitting and

receiving electronics, and a power supply (Figure 2.3). The antenna is a flat

45.7-cm diameter disk, 1.27-cm thick. Software resident in the antenna's

stabilization system uses the signal strength information from the satellite and

rate sensor information to ensure that the antenna is optimally pointed toward

the satellite to compensate for motion. This provides the best opportunity for

clear communication channels. A "search the sky" mode is automatically

initiated when a sustained loss of the signal from the satellite occurs. A cable
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unwrap function utilizes information from an azimuth opto-encoder to determine

when the antenna is within 12 degrees of its 540 degree mechanical limit in

either the clockwise or counterclockwise position. When detected, the antenna

will reposition itself by rotating 360 degrees to the same relative position but

nearer to the mid-position of travel. There are four step motors to control the

antenna in three axes (see Figure 2.4). The roll, pitch and azimuth (yaw) axes

require a single step motor for each axis. Each of these step motors has an

associated rate sensor that outputs rate of change in degrees per second.

When the buoy motion causes the rate sensor to send a signal, the associated

step motors are driven to correct the motion.

The azimuth rate sensor is mounted on a cage that also houses a level detector

and a flux gate magnetometer. Change in heading (yaw) is detected by the

magnetometer. The level detector drives the fourth small step motor which

maintains the magnetometer horizontal. The changes in the magnetometer are

compared to those changes sensed in the rate sensor to distinguish them from

actual motion or from magnetic variations.
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CHAPTER 3. ANALYTICAL METHODS

Design and testing by trial and error of a full-scale prototype system is

impractical. Each at sea deployment is a costly and potentially hazardous

expedition that should only be undertaken once there is a reasonable

expectation for success. In order to narrow the field of candidate system

configurations, the buoy and mooring are evaluated at a component level and

then finally an integrated system analysis is conducted. Having established the

overall size and weight limitations, it remains to conduct analyses on each

subsystem to ensure compliance with the design requirements. The electrical

power required to support communications establishes the baseline for weight,

reserve buoyancy and system dynamics. A frequency domain approach which is

currently used to model the performance of other special purpose buoys is

modified and applied here to predict the overall system response to irregular

waves.

3.1 Power Requirements

As mentioned previously, operation of the stabilized antenna pointing system

requires a substantial amount of power. Table 3.1 lists the electrical

components which comprise the communication system and their respective

minimum and maximum power consumption. Maximum power is consumed

when the system is operating at its upper performance limits, compensating
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simultaneously for the limiting values of roll, pitch and yaw defined in Table 2.4.

As a design worst case, it is assumed for the purpose of initially sizing the

energy storage capacity of the buoy that all communications will be transmitted

in sea states at the performance limits of the antenna pointing system. Once the

probable dynamic performance of the buoy has been better defined, this

maximum energy capacity can be reduced or alternatively, the margin for

duration can simply be increased. In order to meet the maximum power

demands for the total deployment cycle of 10 transmissions as stated in

Table 2.1, a total energy storage of 18,520 W-hr. is required:

(10MB / transmission) (10 transmision)
------------ (200 W) = 18.5 kw - hr

2.4 kbps

(3.1 )

Lead-acid, starved electrolyte or "gel cell" batteries were chosen to meet this

energy storage requirement. They are inexpensive, readily available and

provide for deep discharge, quick recharge duty cycles. In addition to the

requirements of the communications system, there must also be energy

provided to power any on board oceanographic sensors or equipment. Sixteen

pairs of standard 12-V, 130-amp-hr marine batteries joined in parallel 24-V

circuits should provide approximately 50 kW-hr of energy based on the battery

specifications. However, at the discharge rate commensurate with operation of
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the antenna at its maximum performance, for design purposes it is assumed that

the storage capacity efficiency will be reduced 50% to only 25 kW-hr.

This provides over 6 kW-hr of margin beyond the minimum communication

requirement to accommodate additional sensors. Each of four .75-m diameter

separate pressure housings mounted below the waterline can accommodate

eight of these batteries. A fifth identical housing is reserved for the

communications electronics, or in the case of this investigation, the buoy motion

sensors and data logging computer. The relatively low power consumption of

the motion sensors and computer (as compared with an inertial stabilization

system) and the short (24-hr typical) duration of these sea trials, required the

construction of only one battery pod. In lieu of the expense of constructing the

other four battery pods, simple mass/volume models were fabricated.

Representative cylinders of rolled steel filled with appropriate amounts of

concrete and low density foam were arranged radially in place of the additional

battery pods.
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TABLE 3.1 POWER CONSUMPTION BUDGET

Maximum Minimum
Current (A) Current (A)

Tolerance and : and Load
Volts, de (+ or-) Max Ripple Power (W) Power (W) Modules

+12 5% 100 Mv pop 3.2 (38.4W) 1.2 (14W) HPA, Oscillator,
Transceiver, LNA

-12 5% 100 Mv pop 0.32 (3.8W) 0.2 (2.4W) Transceiver,
HPA

+6 5% 100 Mv pop 2.5 (15W) 1.67 (10W) Transceiver

+5 5% 100 Mv pop 5.1 (26W) 2.67 Transceiver,
(13.3W) HPA

+28 100Mv 10 Mv pop 5.0 (140W) 0.015 HPA Supply
(0.42W)

Total N/A N/A 185 26 N/A
Watts

*HPA = High Power Amplifier, LNA = Low Noise Amplifier

3.2 Floatation

While advantageous for the attributes previously outlined, the lead-acid battery

has one of the lowest energy supply per unit weight. The 24 kW-hr. energy

supply represents a mass in excess of 2000 kg. This coupled with the significant

weight of the communications equipment and structure to support the antenna

and stabilization system help to establish the requirement for the buoyancy of

the buoy. Already discussed were the dimensions constraining the diameter of

the buoy flotation due to the logistical requirement to facilitate launch/recovery

from a typical buoy tender or research vessel. As previously described, in order

for a spar buoy to exhibit favorable (for geostationary satellite pointing) response

to sea-state induced excitation it must have a substantial (> 20 m typical) draft.
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Actually, in order to support the mass required for this system, a conventional

slender spar would need to be even larger. Cavaleri and Mollo-Christensen

(1981) describe a spar buoy designed with a payload and dynamic performance

similar to the present investigation. The mass of this spar was 11 ,300 kg, with a

draft of 35.5 m, actually greater than the overall length of the research vessel

employed for launch and recovery. Similarly, while a conventional discus buoy

could more readily provide the buoyancy required to support the payload, a

discus buoy sufficiently large to provide acceptably stable dynamics would also

be impossible to launch/recover from the vessel. The reader is again referred to

Figure 1.3 depicting the 12-m discus buoy supplied by NOSC to the FAA as a

platform for a proposed satellite communication system. The mass of that

system is over 50,000 kg., an order of magnitude greater than the present

design.

As previously discussed, the design approach here is, within the imposed

constraints, to effect a system which exploits to the extent possible, the

beneficial attributes of both the disc and spar. This unique hybrid which

combines a toroidal disc with a spar concept is depicted in Figure 3.1.

Other motivations driving the design of this system are minimizing cost and

maximizing reliability. Toward this end, a number of shapes for the flotation disc

were considered as potential candidates. As discussed in Chapter 1, there are a
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number of small (~3 m) axisymmetric buoy forms currently in use. Adopting one

of these existing shapes as a baseline provides a number of advantages, among

which are availability, low cost, an existing database of experimental and

analytical information, and historical data regarding ruggedness and reliability in

the field. The flotation module used in NOAA's 2.3-m diameter ATLAS buoy

represents the most economical and adaptable choice for buoyancy. There is

an additional incentive to adopting the ATLAS flotation module. The ATLAS

buoy serves as the platform for the 70-buoy TAO array. Not only does this

provide confidence from 70 such buoys that have survived up to 10 years

deployed across the Pacific Ocean, also as described in Chapter 1, this system

has been identified as a model upon which future GOOS telemetry systems will

be based. Adopting this structural component provides for further economy

through potential reuse. Through the analysis detailed here as well as from

initial sea trials, it was determined that a standard ATLAS flotation module

provides insufficient buoyancy to support the mass of the communications and

power equipment. Additional flotation, constructed from the same low density

foam as the toroid, was added as depicted in Figure 3.2.

The additional buoyancy added to the flotation module as well as the substantial

payload beneath the waterline significantly alters the characteristics of the buoy

beyond the standard ATLAS for which there exists data. In order to ensure the

stability of the buoy with this arrangement, the righting moment and righting
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energy are evaluated for a number of different configurations. In the equilibrium

state, the axisymmetric buoy's center of buoyancy and center of gravity lie in the

same vertical plane. As the buoy undergoes a small inclination, 0, the center of

buoyancy will move to some new location. The weight and buoyancy forces

continue to act vertically after this rotation but are now separated so that the

buoy is subject to a moment i1GZ where Z is the normal drawn from the center

of gravity to the line of action of the buoyancy force. i1GZ is the righting

moment. Commonly, for small 0, the metacenter M is defined as the point of

intersection between a vertical line through the center of buoyancy and a vertical

through the original center of buoyancy which is the buoy's center line plane.

Thus,

GZ = GMsinO

As 0.-07 0,

GZ .". GtvB.

(3.2)

(3.3)

In theory, only a small metacentric height is required for stability. However, while

the present design objective is to limit inclinations of the buoy to small angles

during data transmissions, there is also a requirement that the buoy must

withstand more severe conditions than those in which it operates. Therefore, in

order to adequately evaluate the buoy's stability, large angles of heel must be
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considered. At large rotational displacements, it is no longer valid to make use

of the concept of a metacenter as the buoyancy force does not actually intersect

the buoy's middle plane at a fixed point. Referring to Figure 3.2,

where

(3.4)

GZ =

o =

R=

righting arm

buoyancy force of immersed wedge

= centroids of immersed volumes

= perpendiculars from b, b2 on to ~ L1

perpendicular from B on to 8 1

initial and displaced centers of buoyancy

and the righting moment for large angles is then,

!!..GZ = !!..BR - !!..BG slna

[
0 - - ]= !!.. !!.. h1h2 - BG sinS.

(3.5)

(3.6)

Figure 3.3 is a plot of the righting moment versus heel angles from 0 to 1800 for

the combination of the modified ATLAS flotation module with the battery and

electronic pods fixed directly beneath it but with no spar appendage. The

maximum righting moment which occurs at approximately 60 0 in Figure 3.3

determines the maximum external upsetting moment the buoy can withstand

without capsizing [Lewis (1989)]. The righting moment may also be used to

determine the work required to cause the buoy to heel from one angle to another
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by finding the area under the curve between those two points. The work

required to heel the buoy from angle A to angle 8 is found by:

B

work = JMd8
A

(3.7)

The total area under the righting moment curve is sometimes referred to as the

dynamic stability, although it does not adequately address the buoy's dynamic

response to sea states as will be discussed. It is, however, a useful design tool

to assess the buoy's overall configuration in terms of how much energy the buoy

can absorb without being heeled beyond a critical angle. This righting energy is

also plotted on Figure 3.3. However, the buoy's stability in waves can be

substantially less than determined in its still water static stability curves. Due to

the orbital motion of water particles in the waves, the water pressure is less

under the wave crests and greater under the troughs. This reduces the righting

moment at the crest and increases it in the trough.

For a linear progressive wave, it can be shown [e.g., Dean and Dalrymple

(1984)] that the pressure at a depth Z1 beneath the surface is described by

(3.8)

h
r K _ cosh k (Z1 +d)

wee - cosh kd

d = depth

and Z is negative such that z = d + Z,
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For the purpose of accounting for this effect in determining the righting moment,

Saunders (1965) proposed an approach whereby the specific weight of the water

is "adjusted" such that

Fb = p (g-a) [\

where

Fb = buoyant force

g = gravitational constant

a = wave particle acceleration

~ = displaced volume

For a linear wave in deep water, at the surface this reduces to:

(3.9)

(3.10)

where H is wave height, T is the wave period and the acceleration term is

evaluated at the bottom of the buoy.

The righting moment and energy which takes into account the effects of this

dynamic pressure for T l' H 1 in the limiting conditions for survival, sea state 6, is
- -
10 10

indicated by the dashed lines in Figure 3.4. The effect of adding different length

(draft) spars with varying mass to the disc is evaluated in an iterative process to

increase the static and dynamic stability of the buoy. Figure 3.4 portrays the

result of this optimization process. A maximum limit of 5-m draft is imposed on
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the keel as previously discussed. Also included in these calculations is the mass

and its height above the waterline of the buoy's superstructure. The process for

determining these parameters is now described.

3.3 Superstructure

The primary purpose of the buoy is to provide a platform for the unobstructed

pointing of the stabilized antenna to a geostationary satellite. While it is

beneficial from a static and dynamic stability standpoint to maintain the

appreciable weight of the antenna assembly as close to the waterline as

possible, it is also necessary to design it with sufficient elevation so as not to

experience wave blockage in the limiting sea states of operation. A considerable

amount of research has been devoted to evaluating over-water radio frequency

(RF) propagation [Cullen (1969)]. Indications are that due to the phenomena of

reflections in these frequency bands, apparent wave blockage may degrade but

not necessarily totally disrupt transmissions.

In order to determine the minimum superstructure height for unobstructed

transmission, the problem is evaluated from both a deterministic and probabilistic

point of view. Between the global latitudes of -80° and 80°, the lowest "look"

angle above the horizon to reach an INMARSAT-M satellite is approximately 10°.

At the study site (27° 3D' N), this pointing angle is approximately 20° above

horizontal. While linear wave theory is assumed throughout most of the
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analysis, for the purpose of establishing a worst case for the design height, the

method of predicting the "steepest wave" profile is adopted [Newman (1982)].

This profile represents the limiting form of the highest possible plane wave. In

deep water this will theoretically occur when the ratio of wave height (H) to wave

length (A.) is approximately 0.14. Thus, with the buoy in the trough of such a

wave, the height required above the waterline of the superstructure in a design

worst case condition, that is when the buoy is at a point of minimum freeboard

and both heeled at maximum pitch and roll can be approximated by

2(.14A.-(hr - z) cose cosy)
tan J3 = A.

where

J3 = the" look" angle to the satellite

A. = wave length

h, = tower height from waterline

e, y = maximum excursions of buoy pitch and roll

z = maximum excursion of buoy in heave

(3.11 )

The standard ATLAS superstructure height of 2.3 m would enable a clear

pointing path in conditions through sea state 6 as defined in Table 2.2.

However, in reality the buoy will be operating in an irregular sea way and thus it

is necessary to take a probabilistic approach at predicting e, y and z as will be
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discussed. Another motivation for adopting the apparently conservative antenna

height of 2.3 m is to elevate the radome sufficiently to minimize salt spray and

resulting RF transmission loss.

The antenna unit with its suite of sensors and servos, while ruggedized for

service at sea is still sensitive to certain vibrations. Table 3.2 provides the

manufacturer's stated maximum allowable vibration levels for each of the three

mutually perpendicular axes. While the standard ATLAS tower typically used to

support meteorological sensors provides sufficient height and strength to support

the antenna, its open frame construction of light weight, small diameter

aluminum tubing does not provide adequate stiffness to meet the requirements

of Table 3.2. The ASTAR module of the finite element analysis package

COSMOS/M was used to determine that the existing ATLAS tower exhibited a

fundamental vibrational mode near 5 Hz. A number of different strategies were

evaluated to stiffen the ATLAS tower with additional rigid and tension members.

Adding sufficient structure to the standard tower resulted in designs which were

unnecessarily heavy, difficult and expensive to build and unattractive from the

standpoint of wind induced drag. Ultimately, a large diameter (610 mm) thin wall

(7.6 mm) cylinder design was adopted which exhibited no modal frequency

below 43 Hz. Added benefits of this design are its axisymmetry, good strength

to weight, low drag form and that its cylindrical "trunk" actually provides a

weather resistant housing for instrumentation.
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TABLE 3.2 MAXIMUM ALLOWABLE ANTENNA VIBRATION LEVELS

Frequency Range Peak Amplitude
(Hertz) (mm)

4 - 10 3.81
10 - 15 1.14
15 - 25 0.76
25 - 33 0.38

3.4 Mooring

In many of the potential uses for a high data rate telemetry buoy, including the

tracking range application investigated here, the mooring will serve the additional

purpose of a data link from the seafloor. There are three primary types of

moorings used for buoys: slack, semi-taught, and inverse catenary. The

appropriate type to use is highly dependent upon the depth of water. Other

considerations include: the size and reserve buoyancy of the buoy, current,

weather environment, mooring component cost and availability, watch circle and

the size of vessels available to deploy and maintain the buoy.

Slack moorings, typical of navigational aids, are used in very shallow water

«30m) and are usually all-chain in construction. The ground chain and anchor

experience substantial motion transferred down from the buoy. The weight of

the chain must be supported by the buoy. Inverse catenary moorings are
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commonly used in water deeper than about 500 meters or where very low

mooring weight is required. Due to their lack of significant reserve buoyancy,

slender spar buoys are frequently moored this way. Shallow subsurface floats

support the substantial weight of the lower mooring. One advantage is that the

inverse catenary allows for much less accurate knowledge of depth and less

design analysis prior to deployment than the semi-taut moorings. Assuming a

low current profile, the catenary slack compensates for differences in actual

depth. However, this results in added cost of the catenary slack, and an

increase in the surface area exposed to high currents, causing increased loads

on the buoy and mooring. The third general class of moorings are semi-taut

moorings which are typically used in intermediate depths (50-500 m) or where

currents may be significant. At the depth of the present investigation

(approximately 150 m) the buoy cannot support a conventional all-chain

mooring. Analysis based on the high currents anticipated indicated that any

potential benefit of an inverse catenary or slack moor would be negated. Thus a

semi-taut mooring was adopted for this design. Accurate knowledge of depth

and current is critical in the design of a semi-taut mooring as will be discussed.

NOAA's Pacific Marine Environmental Laboratory (PMEL) developed a semi

taught mooring for their TAO array whereby a parallel telemetry cable is

physically clamped to a second mechanical strength member, the latter of which

actually serves as the mooring [Milburn and McLain (1986)]. However, this data
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cable extends only a few meters beneath the surface, so this technique does not

represent a practical solution for recovering seafloor data from great depths.

Actually, there are underwater acoustic telemetry data modems with

send/receive rates approaching those of the INMARSAT-M link [Frye (1991 )].

Thus, it is conceivable that such a system could be moored with a strictly

mechanical member leaving the telemetry link to be made acoustically.

However, there are other motivations to warrant the use of an electromechanical

mooring including the potential requirement to send electrical current down (or

up) the cable to power or recharge sensors. Further, it is anticipated that the

bandwidth capability for the satellite link will continually outpace that of

underwater acoustic telemetry. Fortunately, there exists a thriving industry

producing proven and reliable underwater armored signal and power cables

designed for just such applications. Figure 3.5 shows a cross section of the

cable selected for this application. Among the criteria upon which this selection

was based are:

• Minimal cross section

• High breaking strength

• 3 optical fibers for high bandwidth telemetry

• 3 conductors for signal or power

• Availability

The last of these criteria made it possible to obtain a section of this cable for the

at-sea experimentation. Table 3.3 lists the properties of the mooring cable.

While no data was transmitted over the mooring during the at-sea experiments,
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use of an actual telemetry cable enabled the most accurate possible evaluation

of a seafloor to shore telemetry buoy. As mentioned previously, proper design of

the mooring, both its length and strength, require a careful analysis of the

environment in which it is deployed including: depth, current, and of course, sea

states. In a semi-taut mooring, accurate account of both the depth and current

must be taken or the buoy may be pulled under water. In the process of

identifying the mooring cable, first the steady-state environmental conditions are

evaluated.

TABLE 3.3 MOORING CHARACTERISTICS

Outer armor 9.5-mm dia

Inner armor 7.5-mm dia

Belt O.8-mm wall HOPE

Wt. in air .32 kg/m

Wt. in seawater .26 kg/m

Breaking strength 57kN

Maximum working load 13 kN

Minimum bend radius 203 mm

Effective elastic modulus 90 MPa
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The basic environmental factor acting on the moored buoy system in static

equilibrium is the water current. The current velocity profile varies with depth.

Due to the overwhelming influence of the Gulf Stream described in the next

Chapter, this analysis is limited to a unidirectional current, so that the static

equilibrium of the cable system lies in a plane. In addition, wind loads on the

surface buoy are also considered.

The differential equations of mooring tension and angular displacement are

solved for each of a number of discritized sections of the mooring. The

approach by Morrow and Chang (1967) is followed. The Gulf Stream exerts a

steady hydrodynamic force on the flexible elastic mooring. For the unidirectional

current the mooring cable system lies in a plane parallel to this direction, referred

to throughout the formulation as the primary plane.

The equations are developed along (s), the relaxed, or unstretched, cable (no

tension) as the independent variable. A free-body diagram of a differential

element of the cable in plane of interest is shown in Figure 3.6. The

hydrodynamic forces due to the current are resolved into components normal

and tangential to the cable. These unit forces are:

(3.12)
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(3.13)

where

p = mass density of fluid

UR = relative velocity between cable and fluid

c = thickness of cable cross-section in plane of current and CN and

CT are normal and tangential drag coefficients, and

u,v = velocity of mooring segment

For the static case a=O, UR=Ve, but equations (3.12) and (3.13) are written in the

more general form later for use in the dynamic case. The coefficients eN and CT

depend on the cross-section shape of the cable. The current speed Ve varies

with depth.

From the free body diagram, Figure 3.8 summing the forces, in the tangential

direction yields:

T + G (I+e)ds - Weds sin <I> - (T-dT) cos (d<l» =0 (3.14)

As d<l> ~ 0, cos (d<l» ~ 1.0, the differential equation for cable tension becomes:
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dT = [-G(1+E)+ We sin <1>]
ds

Summing the forces in the normal direction:

F (1+E) ds + Weds cos <I> - (T-dT) sin (d<l» = 0

(3.15)

(3.16)

As d<l> ~O, sin (d4» ~ d<l>. The differential equation for angle is approximated as:

d<l> 1
ds = T[F(1+E)+ We cos <1>]

by neglectiiig higher older terms.

The constitutive equation is the time dependent mooring strain

where

Ac = cable cross-sectional area

Ee = effective static elastic modulus of the cable

't = relaxation time constant

is reduced for the static case to

E =

which is simply Hook's Law.

The horizontal and vertical displacement in cable coordinates are

ax
-= (1+ E) COS <I>as
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(3.18)
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ay = (1+E) sin <l>
as (3.21)

The current induced forces and moments, about the center of gravity of the

buoy, in the primary plane of interest, can be represented as follows:

where

Drag Force

Lift Force

Moment

C 1 2=0 = -pAVc D 2 c

C 1 2=L = L -pAVc 2 c

C 1 2
=M = M-pALV

c 2 c

(3.22)

(3.23)

(3.24)

CD =drag coefficient (e, h,Va)

CL = lift coefficient (e, h,Va)

CM = moment coefficient (e, h,Va)

e = trim, or pitch, attitude of buoy

h =mean submergence (draft) of buoy

A = characteristic underwater area of buoy

L =characteristic length of buoy

Va = current velocity

In addition, the wind forces and moment acting on the surface buoy, in the plane

of interest are considered in the analysis [see Saunders (1965)].
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where

k' = empirical constant

Aa = projected windage area of buoy

Va =wind velocity

(3.25)

For the present buoy shape the aerodynamic lift is assumed to be negligible.

Again, referring to the free body diagram, all the forces and moments acting on

the buoy due to current and wind must be in equilibrium with the weight,

buoyancy and mooring forces.

where

La +Lc +B(e,h)= WB +Tsin</>

M.+M, = T(x;+ zo't Si{$+9+1an-' ~:J
+ B (e,h) GZ (e,h)

T = cable tension (at buoy attachment point)

</> =cable angle from horizontal (at same point)

B(e, h) = buoyancy force
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We = total weight of buoy

x.; ze = horizontal and vertical distances respectively from cable

attachment to C G

GZ(e,h) = hydrostatic righting arm

The static cable equations, (3.12) through (3.21) are solved subject to the

conditions described by Equations (3.26) through (3.28), which must be satisfied

at the buoy attachment point. Equations (3.26) through (3.28) constitute three

equations for the four unknowns T, <l>, h, e. Therefore, a value for the buoy's

draft (h) must be assumed. Using the assumed (h), the equations are then

solved for the three other quantities. The resulting values of T and <I> are then

used as initial conditions to solve the cable equations. This process is iterated

until the proper value of h is determined, i.e., the draft that results in the end of

the cable reaching the seafloor (within a prescribed tolerance). The method

described is an accepted practice for determining the mooring scope and

mechanical properties of a semi-taut mooring [Goodman et. al (1972)]. While

sea state induced dynamics have not yet been taken into account, preceding as

described thus far is an important step in the design process, as it provides

sufficient information to narrow the mooring selection.

The dynamic forces imposed upon the mooring are primarily the result of the

buoy dynamics. Since wave effects attenuate rapidly with depth, their direct

influence on the small diameter mooring cable is considered not to be significant

when compared with the predominant influence of the Gulf Stream, which
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extends to the seafloor. However, the buoy's dynamics are substantiaily due to

the wave action, and these motions are transmitted to the mooring at the

attachment point. As described in the section describing environmental

conditions at the test site, extreme conditions are characterized by wind and

waves predominantly from the north, opposite to the direction of the strong

northerly (flowing) current. These conditions will be adopted as the design

"worst case."

3.5 Intrinsic Dynamic Properties

As is clear by the antenna unit performance specifications provided in Table 2.4,

the system is limited in its ability to maintain pointing accuracy both by its range

of motion as well as the rate at which its servo motors can respond. Thus it is

critical in the rotational degrees of freedom for which there is a restoring force

(roll, pitch) that the buoy does not exhibit a tendency to respond at a rate for

which the antenna cannot adequately compensate. The spar-like keel, already

adjusted to restore the hydrostatic stability to the modified ATLAS floatation disc,

is also utilized to modify the buoy's natural frequency of pitch and roll. Chapter 4

provides a complete description of how this is determined experimentally.

Analytically, the effect of increasing the depth of the keel is evident by the form

of the expression for the natural roll/pitch period:

T, = 21t~ (3.29)
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where Q = effective stiffness

While in the determination of the righting moment, it was necessary to evaluate

angles up to capsizing, here the metacentric approximation

GZ = GM<l> (3.30)

is made for the small angular displacements necessary for acceptable dynamic

performance. In this case, the roll period of the freely floating buoy is

independent of <l> :

(3.31 )

Increasing the draft has a pronounced influence on the buoy's natural frequency

in pitch/roll. This is addressed in more detail in Chapter 4 describing

experimentation.

The antenna is capable of slewing simultaneously in pitch and roll at a rate of

200/sec. It is not possible, within the geometric constraints described, to

decrease the buoy's natural roll and pitch frequencies sufficiently low so as to

exhibit the long period responses characteristic of large spars. The buoy's

natural frequencies will necessarily lie within a range of significant wave

excitation energy, particularly at the relatively low sea states of interest to this

design. Consequently, it is desirable to configure the geometry and mass such

that any tendency to resonate will be at rotational velocities that will not outpace

the antenna. Without the keel and counterweight at its base, the buoy's natural
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roll period is approximately 2.5 sec.
. 21t

Since (J) = T' the buoy's natural

frequency is coincidentally 2.5 rad/sec. It is clear that even at the likely to be

encountered displacements of only 1QO, the buoy's maximum angular velocity

emax = ~ (3.32)

would exceed the limits of the antenna's performance of 200/sec. It is, therefore,

necessary to modify the system through strategic configuration of its mass and

geometry in order to reduce this resonant frequency. Through an optimization

process of varying the length and weight of the keel, the buoy's natural roll

period was more than doubled.

3.6 Buoy-Mooring Dynamics

The buoy has been thus far configured from a subsystems approach, evaluating

each parameter and designing each element in order that they meet or exceed

some minimum requirement. It remains now to evaluate these separate

elements combined as a system. In order for the buoy to maintain a

communication link, it must exhibit small rotational displacements and velocities.

Observing this criteria along with the relatively low (0-4) sea states, it is

reasonable to model this as a linear system with a number of attendant

assumptions which are discussed.
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Others [Hoffman, et al. (1973)] have proposed a two-dimensional frequency

domain numerical model to couple the motions of a buoy and its mooring. With

the predominant current and sea states at the test site occurring in essentially

the same plane, this approach is valid here. While this two-dimensional

approach provides only three degrees of freedom, it is adopted as the basis for

modeling the portion of the solution lying in the primary plane as will be

described. For the purposes of this formulation, it is assumed that the buoy's

heading will be maintained in the direction of flow, and thus yaw is neglected.

The equations of motion for the system are

(3.33)

which represents 5 equations with 8 variables (Xl' ... xS' T, <p, '1') where T is

tension in the mooring and <p and 'II are the cable angles depicted in Figure 3.7.

X, through X, represent each of the five degrees of freedom considered.

The mooring force Fm can be expressed in terms of the mooring tension and

angles as

T cos <p cos 'I'
Tsin <p

Fm = T cos <p cos 'I' z, - T sin <p x,
T cos <p sin 'I'
Tsin <p Yc - T cos <l> sin 'I' Zc

52

surge
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pitch
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x., Yc and Zc are the horizontal and vertical distances from the buoy CG to the

mooring attachment point. Over the length of the current-influenced mooring

there is very little out-of-plane (referring to the primary plane) displacement of

the mooring. Hence, \jI « <I> and Equation (3.34) is thus further simplified to

Teas <I>

T sin <I>

Fm = T cos <I> z, - T sin <I> x,
o
Tsin <I> v,

(3.35)

For clarity in the following discussion, the coefficient matrices of Equation (3.33)

are expressed as

[C] =[Ca 0]o C2
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Where the 3 subscript denotes a [3 x 3] submatrix for quantities in the primary

plane and the 2 subscript denotes a [2 x 2] submatrix for the lateral motions.

Now the governing equations for the buoy, Equation 3.33, may be expressed as

and

(x, Z, e) of Equation (3.39) correspond to (surge, heave and pitch) in the

primary plane while (y, 1) of Equation (3.40) represent sway and roll. The

subscripts tt, and t indicate, respectively, a double and single differentiation in

time.

Similarly, the governing equations for the mooring, Equation (3.35), may be

rewritten as

(3.41 )

and

(3.42)
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Equations (3.39) and (3.41) describing the motions in the primary plane of

interest contain only (x, z, e, T and '1».

The equations of motion are developed by balancing the inertial, damping,

hydrostatic, mooring, and wave excitation forces. To approximate the buoy

mooring motions, a number of simplifying assumptions are made. In order to

account for the significant uniform current, an encounter frequency, to, is

determined by the superposition methodology [see Dean and Darlymple (1984)]

where the dispersion relationship is modified as

where

(c + VJ2 = t tanh kh (3.43)

Vc = velocity of uniform current.

The group velocity in the presence of a current and taken relative to a fixed

frame of reference can be expressed as

(3.44)

where

Cg =group velocity.
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For deep water linear waves,

C ( 2kh) C
Cg = "2 1+ sinh 2kh :::: 2 (3.45)

In the sea states of interest, the range for C is approximately 5-10 m/sec. The

corresponding range for Cg is then 2.5-5 m/sec. Currents measured at the study

site range from 1-1.5 m/sec. Thus, the current is of a magnitude such that

(3.46)

According to Sarpkaya (1981) currents of this magnitude relative to the group

velocity and opposite to the direction of wave propagation result in both wave

speed and wave energy continuing to propagate upstream (of the current) but at

a slower rate.

From Equation (3.43) it follows that the frequency of encounter is then

(3.47)

This is the frequency used in the computation of the wave forces and

coefficients. The buoy coordinate system is provided in Figure 3.7. Forces and

moments acting on the buoy are comprised of the hydrodynamic inertial force

due to dynamic body motions, the force due to damping, the force due to

hydrostatic restoring action, the force due to the mooring cable, and the force

due to waves.

56



Considering first the primary plane, the matrices of Equation (3.39) for the buoy

are:

[a" 0
~,,][A3 ] = 0 a22 (3.48)

a31 0 a33

[b"
0 :,,][83 ] = 0 b22 (3.49)

b31 0 b33

[C,] = [~
0

L]C22 (3.50)

0

The equations are simplified due to axisymmetry, the lack of any coupling

between the translatory motions of heave and surge, and the lack of any

hydrodynamic restoring force in the surge mode. There is only coupling in the

longitudinal plane between pitch and surge, which is analogous to the coupling

between roll and sway in the lateral plane. As described earlier, even in the

presence of unidirectional wave excitation there will also be motion in the lateral

plane.

[A2 ] = [a" a,,]
a54 ass

[82 ] = [b" b" ]bS4 bss

[C,] = [~ ~J
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Due to the axisymmetry of the buoy, these coefficients are simply

(3.54)

Aside from b44 , the other coefficients are based on those developed by NDSe

[Kaplan, et. al (1972)]. In order to account for the keel, the coefficients for a

discus buoy have been combined with those for a spar. These are provided in

Appendix A. The sway damping coefficient b44 differs from surge in that there is

no steady current Vc in the transverse direction. Rather than neglect sway

damping altogether, a linearized damping term [see Serteaux (1976)] is

introduced.

The wave excitation forces and moments developed by NDSe for use with the

empirically derived coefficients are provided as

z; ~ a. sin root [- P9ltR{2J~r)) + ro.'pR 'M, (Si~ r)] (3.55)

+ a. cos ro.t[- ro(pR'ro.N,) (Si~ r)]

Mw = a, sin wet [-WR(PR
2W

eNJ : (Jl'f)-J3(Y))] (3.56)

+ a.cos ro.+9ltR{J,(r}~J,(r))- (pR'My ) g: (J, (r)-J, (r))]

x, = aw cos We t [-2pg1td'RJ1 (y)] (3.57)
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Ny, My = empirical curve fit for

damping (see Appendix A)

A. = wavelength

where

Ole = encounter wave frequency

J1,3 = Bessel Functions

d' = draft of buoy

21tR
'Y =~'

R = hull radius

The static case for the mooring in the steady current has already been

evaluated. The mooring equations of motion also assume a continuous line that

is completely flexible and extensible. For the primary plane, the velocities

U (normal) and V (tangential) relative to the cable are taken as basic variables.

Referring again to Figure 3.6, an elongated element of the cable, of length (1 +e)

ds is described by

ax
as = (1+e)cos<j>,

~~ = (1 +e)sin <1>,

and

ax
U=-at I

ay
v=-at
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Focusing on only the primary plane, let

U = u sin lj> - v cos lj>

v = u cos lj> + v sin lj>

(3.60)

(3.61 )

then, by differentiating Equations (3.60) and (3.61) with respect to s, and

substituting Equations (3.58) through (3.59), it can be shown that

and

av +U alj> = ae
as as at

Equations (3.62) and (3.63) represent the kinematic relationships.

(3.62)

(3.63)

By including the tension and weight terms of the static Equations (3.14) and

(3.16) and hydrodynamic normal and tangential force, and considering the cable

to be extensible, the dynamic equations in the normal and tangential directions

are expressed as:

av a$ et
1l-+1l1U- = -- + G(1+e} - We sin lj>

at at as

where We = in water weight per unit length of cable.

Il = mass of cable per unit length, tangential
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III = mass plus added mass per unit length, normal

In addition, the constitutive relation, Equation (3.18), is also necessary. The

basic equations governing the cable dynamics are then Equations (3.62) through

(3.65) and (3.18). For the steady state case, i.e., neglecting time derivatives,

Equations (3.64) and (3.65) reduce to the same expression as given in the static

equilibrium case, Le., Equations (3.15) and (3.17).

The dynamic equations are solved by assuming the waves impose a small

disturbance on the steady-state equilibrium configuration. Again, this assumes

the system responds linearly. Each variable is represented as the sum of its

equilibrium and perturbation, for example

V= U; + U' (s,t) (3.66)

where the symbol quantities are perturbations about the equilibrium positions

(o-subscript terms).

However, at the lower boundary (anchor) no motion occurs, (Va' Va' Wa = 0).

Each term is expanded, neglecting terms higher than the first order. The

resulting form of the mooring's hydrodynamic term is then

F = Fa +
aF aF aF I

au U + av V' + alj> lj>

G == G + aG U' aG aG ,
0 au + av V' + ~lj>

(3.67)

(3.68)
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Expansions for the expressions of the F and G derivatives, taking into account

the drag of both the current and wave induced motion are provided in

Appendix B.

The linear perturbation equations are then given by

au'
-Jl1- =at

a<j>' a$o [aF ,
To as + T' as -(1+Eo) au u
+ FoE' + Wc$' sino,

+ aF V' aF]av + a$ $' (3.69)

av'
Jlat

(1+ E ) a$' = V' a$o _ au'
o at as as

aE' = av' + U' a$o
at as as

(3.71 )

(3.72)

(3.73)

which constitutes a set of first order linear partial differential equations. The

upper boundary condition is at the buoy. For the moored buoy in this combined

current and seaway, the current is felt acting on the buoy and also on the cable.

However, the wave effects attenuate rapidly with depth, and are therefore

assumed to act only on the buoy, with no direct influence on the cable. The

wave forces are taken to be sinusoidal in time. The resulting buoy motions are

transmitted to the cable at its attachment point, so the cable motions are also

sinusoidal in time.

The boundary conditions at the anchor point at the seafloor are given by
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At the buoy attachment point s = L, the velocities are given by

u = - x - zeS

V = -Z + xeS

(3.74)

(3.75)

(3.76)

where Zc and Xc are the vertical and horizontal distances from the buoy CG to

the cable attachment point. Making this substitution into the expressions for the

normal and tangential velocities defined by Equations (3.60) and (3.61) and

considering the wave-induced motions to be of the same order as linearized

perturbation terms yields the boundary conditions at s = L

V' = - (X + zeS) sin<l>o + (z-xeS) coso,

V' = - (X + zeS) coso, - (z-xeS) slno,

(3.77)

(3.78)

Under the assumption of sinusoidal motion, the variables in the equations of

motion are expressed in the form

V' = U(s)eiro t (3.79)

where the (-) symbol quantities are complex.

The equations of motion may now be restated as
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d$ 1 {[. ( ) aF]- ( ) aF - - d~o -
ds = To - IffiJ.!1 - 1+ £0 au U + 1+ £0 av v - T ds + FoE

+ ((1 +E.) ~: - W, Sin$.)~ } (3.80)

-
:: = - (1+Eo) ~~ U+ [iffiJ.! - (1 +£J ~~]v

+ [-(1+E.)~ +W, COS$.]~-G.£

dU = V d~o - iro (1 + £ )~
ds ds 0

dV = _ 0 d<l>o - iffiE
ds ds

- _ [ 1+irot ] - = 
£- AE . T-KT

c c +lrot

(3.81 )

(3.82)

(3.83)

(3.84)

Upon substituting (3.84) to eliminate E these equations can be written in matrix

form:

d<l>
ds

-
~IdT

-
ds

~J
= [M] (3.85)

-
dU-
ds

-
dV-
ds
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where

aG aG . ( )aG
[M]= -(1+Eo) ~+WC cos<l>o' - GK , -(1+Eo) au ' lroll- 1+ Eo av0

- iro{1+Eo) 0 0
d<l>o
ds

0 iroK
d<l>o

0
ds

(3.86)

From the boundary conditions at (s = L), the attachment with the buoy, it is

clear the mooring motions are influenced by the buoy motions. The buoy motion

is also influenced by the mooring system dynamics, through the mooring force

that acts on the buoy. This mooring force results from the component of tension

at the attachment point

x, = T' (L) coso, (L) - To (L) sino, (L) <1>' (L)

z, = T' (L) sine, (L) + To(L) coso, (L) <1>' (L)

(3.87)

(3.88)

(3.89)

As with the cable, the buoy motions are assumed sinusoidal, so each variable

representing the buoy degrees of freedom may be expressed in the form

x = xelCllt
• Similarly, the sinusoidal wave and mooring forces are expressed as:

x = X eirol
m m , X X irol tw = we, e c.
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The following set of complex algebraic equations is then obtained for the primary

plane,

where the matrix [0] is given by

(3.91)

o.,
[Q] = 0

Q
3 l

and

(3.92)

Q
ll

2 b.J= - a l1o> + 1110>

Q
13

2 + b13io>= - a130>

Q
22

2 b'= - a220> + 22(0) + C22

Q
31

2 b'= - a310> + 31 (0)

Q
33

2 b'= -a33 o> + 3310> + c33

The coefficients are those previously described.

(3.93)

(3.94)

(3.95)

(3.96)

(3.97)

Similar to the static case, the three algebraic buoy equations for the primary

plane are solved simultaneously with the four differential cable equations by

satisfying the four boundary conditions. Solution of the out of plane motions is

66



similarly straightforward. Since the mooring is attached at the centerline of the

buoy, the offset distance yc = 0 in Equation 3.35. Thus, to the accuracy of this

approximation, the effects of mooring tension may be neglected in the

transverse plane. While there is no wave propagation in the transverse plane,

the combination of the primary plane wave and steady current result in a

transverse lift force. One model proposed [Dong (1991)] relates this transverse

force to the unsteady flow in the primary plane as

(3.98)

where

AD =submerged drag area

CL = lift coefficient

u, =amplitude of the wave induced velocity in the primary plane

In this case, the wave frequency co will be taken to be the frequency of

encounter, roo which has been defined previously. Similarly, a transverse

moment may be simply expressed as

(3.99)

where GL is the distance between the CG and the submerged center of drag.
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As before, the periodic expression for the transverse force enables the

substitution FT = FT eiCllI and MT = MT eiCllt and similarly y = ye iCllI and

"( = yeiCllI
• Again, since

y = ye iCllI

y = ko ye iCllI (3.100)

Y= _ro2 ye iCllI

then the equations of motion for the transverse plane may be expressed in

complex matrix form as

where the matrix [Z] is given by

and

Z 2 b'
11 = -a11 ro + 44 100

Z 2 b'12 = -a13 ro + 13 (00

Z 2 b'21 = -a31 ro + 31 lro

Z 2 b'22 = -a33 ro + 33 100 + C33
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In the approach here, the relative motion of the buoy in the primary plane x is

required to determine Fr and Mr. Thus the primary plane motion solutions are

first obtained, then used to solve the complex 2 x 2 matrix of Equation 3.101 for

the out of plane motions.

Using this technique, the buoy motions may be predicted for a regular

monochromatic wave by inputting the appropriate value of wave amplitude a,

and frequency roe in the expressions for wave force and moments. Alternatively,

under the assumptions of linear superposition, the buoy's motion in an irregular

seaway may also be predicted. The wave spectrum is assumed to be

unidirectional and, therefore, a function of frequency only. The spectral density

function of the wave amplitudes is assumed to be equal to the mean square

value of the wave amplitudes,

x2 = L~ S (eo) dro (3.107)

from which can be computed xrms ' X 1 and other statistics. Under the
3

assumption that the buoy/mooring system responds linearly to the wave

excitation for these relatively small displacements, the response of the system

may be found by

R (00) = IT (oot S (oi)
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where T(co) is the response amplitude operator found by solving the

simultaneous equations of motion for each ro and a wave of unit amplitude.
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CHAPTER 4. EXPERIMENTAL MEASUREMENTS

4.1 Shore and Dockside Tests

The full-scale prototype is designed to facilitate variation of its major

characteristics, e.g., mass, flotation, draft, and overall CG and CB through

placement and removal of strategically placed weights. Most notably, the spar

like keel and a counterweight at its base are designed such that these two

predominant parameters are readily changed. This enabled a number of

experiments to be conducted providing a parametric analysis of such

characteristics as the natural frequency and corresponding coefficients at those

frequencies in heave and pitch (roll), the displacement for each of several design

waterlines and heel angles, the verification of the computed righting moment,

virtual mass and some verification as to the nature of the steady state drag.

Each segment of the buoy system was measured and weighed in order that

accurate moments of inertia and radii of gyration could be computed. These are

listed in Table 4.1 and depicted in Figure 4.1. A test fixture was devised to

induce a number of different static vertical displacements (drafts) on the buoy in

a still water test basin as shown in Figure 4.2. A graduated scale of 2.5-cm

increments was affixed to the buoy above and below its waterline. At each of ten

of these displacements, the net buoyant force was recorded by the submerged
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load cell in order to obtain data to refine the computed predicted values of

displaced volume (heave restoring force).

TABLE 4.1 BUOY CHARACTERISTICS

Item Characteristic

Ballast
diameter .45 (rn)
height .61 (m)
mass 192 (kg)
CQ above Keel .30 (mY

Keel
diameter 0.15(m)
height 4.27 (rn)
mass 130 (kg)
CQ above Keel 2.13 (rn)

Bat/Elect. Enclosure (Note 1)
diameter 2.30 (m)
height .61 (rn)
mass 3936 (kg)
co above Keel 3.69 (m)

Flotation
diameter 2.30 (m)
height 0.91 (rn)
mass 455 (kg)
cg above Keel 4.72 (m)

Lifting Bale & CTRWT
diameter N/A
height N/A
mass 136 (kg)
co above Keel 5.88 '(nil

Super Structure
diameter 0.61 (rn)
height 1.83 (m)
mass 135 (kg)
co above Keel 6.1 (m)

Lift Bale Supports, Etc.
diameter N/A
height N/A
mass 190 (kg)
cg above Keel 6.10 '(m)

RADOME, ANTENNA
diameter N/A
height N/A
mass 76 (kg)
co above Keel 7.32 (m)

COMBINED:
mass 5178 (kg)
KG 3.99 (m)
KB 3.65 (m)
Draft 4.72 (m)
Ixx 10,768 (kg-m2

)
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Upon completing these static measurements, the buoy was again displaced to a

predetermined draft and then released by way of a quick-release mechanism.

Within the subsurface instrumentation pod was mounted the MRU with three

axis accelerometer (heave, sway, surge) and three rate gyros (roll, pitch, yaw).

The output of these sensors was recorded on the 200-MB hard drive of an

onboard 386-PC also located within the submerged pod. This instrumentation is

described in Table 4.2. This step response test was repeated at each of ten

different drafts. In addition to the onboard 6-degree of freedom

accelerometer/gyro package, data was also recorded by means of a stationary,

high resolution video recorder. A cross-hair graticule was electronically

generated and stored on a microprocessor interfaced with the optics of the

recorder. This recorder was stationed on an onshore tripod. Prior to tripping the

release mechanism at each predetermined draft, the optical graticule was

focused and aligned upon the graduated scale affixed to the buoy, and activated.

Thus, the buoy motion of each step response test was recorded on a calibrated

optical system for comparison/validation with the onboard motion package. This

data was employed to validate the accelerometer and gyro data.
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TABLE 4.2 TEST INSTRUMENTATION SPECIFICATIONS

Instrument Manufacturer/Model Measurements Performance

1. 6-DOF-!m.Qtion SeatexlMRU-5 Roll, pitch, yaw Disp. range ±360°
sensor .,' Vel. range ± 1500/s

Resolution <.01°
Drift < 100/hr.

Processing rate 4 Hz
Heave, surge, sway Acc. range ± 30 m/s2

Accuracy .01 rn/s"
Processina rate 4 Hz

2. Wave gauge InterOcean/S4DW Wave height, Press. range 0-1000 d Bar
directional Resolution 1 d Bar
spectrum Accuracy ±.25% FS

Wave height
Resolution 2.5 cm @ 10m

3. Meteorological Wind speed Range 0-50 m/s
sensors Rate 1-8 Hz

Accuracy ± 2.5 mls
Wind direction Range 0-360°

Rate 1-8 Hz
Accuracy ±5°

4. Tensiometer BiliingslTR-999 Mooring tension Range 0-6500 NM
Rate 1 Hz
Accuracy 1%

5. Acoustic Doppler RDI/150 Current speed Range ± 10 rn/s
Current ProtHer Accuracy ±.2 crn/s

Current direction Range 0-360°
Accuracy ± 2°



Chapter 3 provides more detail for the equations of motion for forced oscillation.

Here the concern is only with free oscillations, thus reducing the equation of

motion considerably. In heave, the equation of motion is of the form:

ex +bx + m)~ =0

which can be written as:

(4.1 )

(4.2)

where

and 2 C
ro =

n m
v

(4.3)

(4.4)

It is assumed that the damping is proportional to velocity. This is simply the

equation of forced motion of a single degree of freedom mass spring system with

linear damping.

The solution to equation 4.1 is of the form

Equation 4.5 is a damped sinusoid, where

co =1*n m
v

is the undamped natural frequency of heave,

75

(4.5)

(4.6)



and

where

m, =virtual mass

m =mass

rna = added mass

The damped period of free oscillation is

(4.7)

Equation 4.2 describes an oscillatory response with an exponential decay. This

decay may be determined by considering consecutive maxima of the heave

amplitude in the experimental data. At values of ron! = multiples of It, the ratios

of peaks will be

Which leads to the logarithmic decrement

(4.8)

(4.9)

From these step response tests, Ai' Ai+11 and Td are measured, and thus keo,

may be determined from Equation 4.9. With b constant the ratio of successive

76



peaks of the transient is constant. The measured period of damped oscillation and k

are used to determine the (undamped) natural period of heave, ron from

equation 4.7. With knowledge of the restoring force coefficient c, the virtual

mass mv may be derived from Equation 4.6. Similarly, the linear damping

coefficient is then obtainable by back substitution in Equation 4.3. The added

mass and damping coefficients obtained from the free oscillation experiments

are strictly correct only at the buoy's natural frequencies.

Similar step response experiments were also conducted with rotational

displacements. A vertical centerline datum was affixed along the length of the

buoy's cylindrical superstructure, and a scale with decremented angular

reference was generated on the dockside video recorder for optical

superposition as before. For both the heave and the pitch/roll step response

tests, the buoy was unguided but care was taken to align the displacement

inducing external force so as to excite the buoy only in the axis of interest. In the

case of roll (pitch) rather than attempt with guide wires to constrain the oscillation

to a single plane, instead the response was viewed in terms of "tilt," that is the

vector sum of the axisymmetric roll and pitch. Both pitch and roll motions were

recorded on board during these experiments thus enabling the vector sum of the

measured components.
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Analogous to the approach described for heave, the damped period of the

oscillation for tilt was determined. Again, the equation of motion is of the form

(4.10)

where

a = ~GZ

and

k = b

b = damping coefficient

The damped period of free oscillation is thus

(4.11)

It is assumed that damping is proportional to the angular velocity.

In order to obtain experimental verification of the previously computed effective

stiffness, a, simple inclining experiments were performed using the apparatus

shown in Figure 4.3. Loads, measured with the in-line tensiometer, are applied

to the outer diameter of the buoy flotation to induce a number of heel angles.

Static heel angles were measured and recorded using the optical system

described. The immersed volume of the disc is computed from the measured
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displaced angle. Finally, a number of tow tests were performed on the buoy.

The primary objective of these tests was to determine experimentally the buoy's

submerged center of drag. That is, the point from which when towed at constant

velocity, the buoy exhibits the least tendency to heel either forward or aft. Figure

4.4 depicts the test arrangement. A fixture with a series of attachment points

provided a means for adjusting this tow point. By establishing this submerged

center of drag, the mooring bale can be strategically placed so as to minimize

the buoy's current-induced heel in the Gulf Stream. The buoy was towed from a

small boat in a still water channel at a variety of constant velocities ranging from

.5 m/sec. to 1.5 m/sec. Again, the in-line mooring tensiometers were employed

to measure the tension of the tow line during these tests. The velocity of the

boat was measured and maintained by the use of a high precision, bidirectional,

electromagnetic velocimeter with a display set to average velocity over 1 second

intervals. Figure 4.5 is a plot of tension versus velocity data.

4.2 At Sea Experimentation

4.2.1 Environmental

The study site chosen was a location approximately 46 km off the coast of Ft.

Pierce, Florida at 27° 30' N, 80° 55' W. The site is depicted in Figure 1.4. The

depth at this location is 160 m and it represents the approximate center of the

proposed tracking range under consideration. The site is within 5 km of what is
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generally taken to be the axis of the strong northerly flowing Gulf Stream. During

the investigation, the northerly surface currents varied in velocity from 100 to 156

em/sec. Current speed and direction was continuously monitored during each

24 hour data collection using an A.D. Instruments Acoustic Doppler Current

Profiler (ADCP) operating at 150 kHz.

Wind speed and direction fluctuated during each data set, but efforts were made

to deploy the buoy system during periods where seas were approaching a "fully

developed" state. That is, deployments were executed during periods when

weather conditions were fairly stable, with predominant wind and waves having

been established for a duration of at least 24 hours. Consequently the wind

speed and direction, while variable, was still sufficiently consistent to

approximate steady state conditions. Wind speed and direction was

continuously monitored using A. M. Young Meteorological instruments

incorporated in a Coastal Climate WeatherPak-100 and averaged over each 60

second period.

The geographic and meteorological characteristics of the study site enable some

reasonable assumptions to be made which help to simplify the theoretical

formulation adopted. In addition to the strong and steady northerly influence of

the Gulf Stream, the close proximity of Florida's coast to the west and the

Bahama Banks to the south and east provide well defined physical constraints in
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terms of wave propagation. While weather conditions are seasonally variable,

there are characteristic long periods of time when winds and waves are

predominantly from the north. This is the one quadrant unobstructed by land

masses, thus, disturbances far removed from the study site generate fairly

unidirectional, long crested swells which are sustained for several days at a time.

At sea experiments were conducted when the conditions were as described, with

wind and waves sustained from the north for a period of at least 24 hours.

Under the assumption adopted in Chapter 3 of the superposition of waves and

current without interaction, the strong current flowing in the opposite direction of

wave propagation has the effect of shortening wave lengths and thereby

increasing the wave steepness. Since short, steep waves present the most

difficulty for maintaining antenna pointing, it was determined that these

environmental conditions are representative of the "design worst case" for

operation through sea states 4. Thus the conditions which prevailed at the study

site and that were encountered during each experiment, enabled the wave

environment to be modeled as a unidirectional frequency spectrum without

introducing significant error. The sea states encountered during the at sea

experiments ranged from sea state 2 to 5. Wave height and direction was

continuously monitored using an InterOcean Systems S4-DW wave gauge. The

instrument was programmed to operate in ~urst" mode, sampling at 2 Hz. In

order to optimize the onboard storage capacity, the instrument was programmed

to sample for alternating (on/off) 15 minute intervals. Thus, wave spectra for a
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24-hour period were collected for application to the frequency domain analysis.

However, this sampling technique, the spatial separation between the wave

gauge and the buoy, as well as the inability to precisely synchronize the internal

clocks in each device preclude, of course, a means of direct time series

comparison between the sea state and buoy motion. These comparisons are

made in the frequency domain as will be discussed.

4.2.2 Buoy Instrumentation

To monitor and record the six degree of freedom motions of the buoy, a motion

reference unit, SEATEX MRU-5 was mounted in a pressure housing below the

waterline near the CG of the buoy. The distance between the MRU-5 and the

buoy CG was accounted for by coordinate transforms in reducing the data. The

MRU-5 collected motion data at a 4-Hz sampling interval for the entire duration

of each 24-hour experiment.

The upper and lower termination of the mooring (buoy and anchor) were

instrumented to record tension. Two Billings 200 units were programmed to

record at a 1 Hz sampling interval, lhe maximum sampling rate of these devices.

The mooring system was anchored by way of a 2500-kg clump weight comprised

of a stack of surplus railroad locomotive wheels attached to a 30-kg Danforth

anchor with 2 m of chain. As mentioned previously, the at sea experiments were

planned to coincide with potentially hazardous sea conditions. In view of this,
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the system was launched in an expedient "anchor last" deployment. The buoy

was launched over the stern of the vessel first, then the entire mooring was

payed off a shipboard winch allowing the buoy to drift back aft of the vessel.

When the entire mooring length was reached, the bitter end was then attached

to the anchor which was subsequently allowed to free fall to the seafloor. To

facilitate recovery of the buoy and mooring, a pair of SEA STAR 1000 Acoustic

Release Mechanisms was placed between the anchor and mooring. Thus each

time the buoy and mooring were recovered, a clump weight was abandoned on

the seafloor. This facilitated recovery of the buoy and mooring in sea states

which, due to safety considerations, would prohibit the recovery of the anchor.

4.2.3 Sea Trials

A total of eight sea trials were conducted. The primary objective of the first two

at sea experiments was to determine the methods and procedures required for

handling, deploying and recovering the system in marginal conditions as well as

to qualitatively evaluate the system's characteristics as a verification of some of

the early design process. Among the design modifications resulting from these

initial sea trials was the reassessment of attaching the keel at sea. These

experiments also provided the opportunity to obtain current profiles at the actual

study site which, along with observations and analysis, indicated the need for

additional buoyancy. Through filling the toroid's center with foam and adding the
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radial wedges depicted in Figure 3.2 the float and instrumentation pods were

essentially integrated as a continuous disc. INMARSAT-M systems have only

very recently been developed. Consequently, the cost to actually obtain a

functioning unit for these experiments was financially out of scope. However, a

complete set of technical reference documentation was purchased (Magnavox,

1994) which contain the pertinent performance, survivability, weight and

dimension characteristics of the unit. For these sea trials, a mass model

representing the unit was installed at the proper location at the top of the

superstructure. The buoy's ability to provide an adequate platform for successful

transmissions is inferred by comparing the dynamic data recorded at the buoy

with the antenna performance specifications.

Due to an instrumentation failure with the onboard computer, one sea trial

resulted in the loss of all the buoy dynamic data. Another series of deployments

was specifically devoted to attempting to obtain data from the buoy in sea states

above those required for operation, in order to evaluate its survivability in sea

state 6. These proved to be among the most challenging to undertake in that it

is impossible to safely deploy or recover the buoy in these conditions. Thus, a

series of deployments were conducted wherein the sea conditions were

acceptable or marginal during launch, but meteorological forecasts were for

conditions to worsen rapidly. In these survival tests, conditions were such that

the linear superposition approach to modeling the system is no longer expected
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to be valid. The objective here was primarily to ascertain the system's stability to

resist capsizing in steep and breaking wave profiles. Due to the long transit time

to reach the actual study site and abandonment of any attempt at a total systems

analysis of those conditions, these survival tests were conducted at a variety of

locations, mainly to benefit from opportunistic windows of launch conditions prior

to severe conditions. The depth varied at these locations. During one period of

heavy seas, the buoy was towed from one anchorage to another site closer to

shore in order to assess its performance in steeper, breaking waves. This

procedure was facilitated by the design of the experimental mooring previously

discussed. That is, the acoustic release mechanism at the anchor was

interrogated from the vessel and recovered back on board the vessel along with

the anchor end of the mooring. Even the ability to recover this relatively small

package from a 34-m vessel is marginal in sea state 6. With this recovered back

on board, the buoy was then towed by its own mooring to a site nearer shore

providing for even worse conditions. While it is impossible to recover the buoy

on board in these conditions, the procedure of attaching the mooring to an

another anchor and redeploying is far less hazardous and logistically intense

than recovery of the buoy itself. In this manner, the buoy was subjected to a

variety of sea states representative of those dictated as survival criteria. Owing

to their transient and sometimes rapidly building nature, these sea states cannot

be characterized as fully developed in the sense that sea states are rated.

However, since these trials were aimed at observing the system's ability to
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withstand capsizing, from a design point of view the steep breaking near-shore

waves generated by the passing local disturbances represent a conservative

design, worst case condition.

Finally, four deployments resulted in fully intact, 24 hour data records, with two

deployments representative of sea states 2-3 and two others at sea state 4. The

results of these experiments are discussed in the following chapter.
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CHAPTER 5. DATA REDUCTION AND ANALYSIS

5.1 Wave Height and Direction

The 54-OW wave gauge computes the wave spectra by manipulating a recorded

pressure record. The pressure times series, p(k), is available as a finite length

of N values digitized at .1t such that p(k) gives the values of the pressure at

time, t = k.1t where k takes the values 0,....., N-1. The time series length is

given by T = .1t(N-1). The pressure time series are analyzed using a Fast

Fourier Transform (FFT) to determine the Fourier coefficients a(n) and ben). The

argument n of the Fourier coefficients a(n) and ben) specifies the quantity to be a

function of wave frequency, where t = n.1f and at = ;. The coefficient a(O)

represents a mean value of the time series pressure record, with a nyquist

frequency t = 1/ (2.1t) , i.e., n = N/2. The surface elevation Fourier coefficients

are computed from the dynamic pressure coefficients by dividing the pressure

coefficients by the factor K(n). The factor K(n) is given by

K(n) = cosh k (n) z
cosh k (n) d

(5.1)

where z represents the distance of the pressure sensor above the bottom and

ken) is the wave number associated with frequency fen) = nM.
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The wave number k(n) has been corrected to account for the uniform current as

discussed in Chapter 3. For the higher frequencies (shorter wave periods), K(n)

is very small which means that the higher frequency waves result in low signal to

noise, and thus a cut off frequency (fJ is imposed. Above this cut-off frequency

no calculations for surface elevation spectra are carried out. For the

deployments described here, a cut off frequency of 0.2-0.25 was used.

Reduction of the pressure and velocity data into statistical and directional

characterization is performed internal to the device [Interocean (1991)]. The

methodology is briefly described here.

The estimate of the surface elevation spectrum, S,,(f) is derived from

[a2 (n) + b2 (n)]
S" (n) = T

where 0 ~ n.1f s fc

and ( ) represents an average.

(5.2)

The instrument computes several characteristics of the wave field from the

spectral moments of the surface elevation auto spectrum S,,{f). The moments

of the surface elevation spectrum rn, are defined as

00

m = J is,(f)df
o
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where i takes the values from 0 to 4.

The variance of surface elevation (0"2(11» is equal to mo. The significant wave

height can be approximated H, = 4 O"ll •

The average time between successive zero up-crossings Tz is determined as:

T = Jrno
z m

2

While the average time between successive maxima is determined by:

T = Jrn,
C m

4

and the significant wave period is calculated as

T = ma
s m

1

(5.4)

(5.5)

(5.6)

The basic directional parameters for engineering use are the mean direction

8(f) and the directional spread s(f). A general Fourier series expansion of the

spreading function 0(8) gives

( )
1 I [an costns) + b, sin(nS)]

OS = - +
2n n

(5.7)

The S4-0W pressure-current measurement (p, Vn, Va) estimates of the Fourier

coefficients a l • a2 • b, b2 are derived [Interocean (1991)] from the auto and

cross spectra of the time series as follows:
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a1 =
CPVe

1

[c.,(Cveve + C vnvn)F

b1 =
Cpvn

1

[Cpp(Cvava + C vnvn)¥

a2

(Cveva - C vnvn)
-

(Cveve + C vnvn)

b2 =
C Vevn

(Cveve + C VnVn)

(5.8)

(5.9)

(5.10)

(5.11 )

where C denotes the co-spectrum, P signifies pressure and Vn velocity in north

direction and Va velocity in the east direction. The mean wave direction 8(f)

and the directional spread are computed by the wave gauge from

8(f) = arctan (~D

and

1

s (f) = [2(1-r)]2

where r2 = a 2 + b 21 1

(5.12)

(5.13)

While the estimate for mean wave direction 8(f) is fairly accurate, the estimation

of the directional spread is crude when based on only a limited number of

Fourier coefficients.
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Figures 5.1 through 5.3 represent a selected set of pressure time series and

reduced spectra, as well as wind velocity and direction.

5.2 Current Speed and Direction

Current velocity and direction profiles were measured using an R.D. Instruments

Acoustic Doppler Current Profiler (ADCP) owned by the US Navy's Atlantic

Underwater Test and Evaluation Center (AUTEC). The ADCP was mounted on

a retractable pole over the side of the vessel. The ADCP transmits acoustic

pulses at 150 kHz from a transducer assembly along four beams. The

transducers receive backscattered sound from zooplankton and small particles

floating ambiently with the water currents. Using the Doppler principle, the

ADCP converts the backscattered sound into components of water-current

velocity. The ADCP measures the speed and direction of the water currents at

multiple locations in the water column. It produces a profile of these

measurements at a programmed number of depth cells. Since the Doppler

effect is directional, any shift in frequency corresponds to a velocity component

along the transmitter's direction of send/receive. Velocities perpendicular to the

direction of send/receive will produce no Doppler shift. The salient difference

between the ADCP and conventional water-current meters is its ability to

measure a profile of the water currents throughout the water column. This is

done by "range-gating" the backscattered signal in time. In effect, the receivers

are turned on and off at regular intervals as echoes return form the water. This
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process assigns discrete sections of the echo record to distinct sections of the

water column. The ADCP was programmed to collect current speed and velocity

from surface to seafloor in 4 meter sections. This data was averaged over each

minute and stored continuously during each deployment of the system. While

the buoy was deployed, the vessel would continually steam approximately 5 km

south of the site and then drift (with the current) 5 km north of the site, always

maintaining the buoy within sight. In the mode operated, the ADCP devotes a

channel to "bottom tracking," acting as a Doppler speed log to determine the

vessel's speed over bottom. With this information and the flux gate compass

data, the ADCP extracts the speed and heading of the vessel from the current

measurements. Figure 5.4 represents a selected set of these current velocity

and direction profiles.

5.3 Buoy Motions

As previously discussed, the at sea experimentation was not designed to

correlate individual wave excitation explicitly or in the time domain with its

corresponding buoy response. The buoy's response to waves is evaluated in

the frequency domain. However, it is possible to obtain some important

information directly from the time series data recorded on the buoy, since the

buoy's motions are all recorded at the same location with one instrument

referenced to a single clock. Displacements and velocities, particularly those in

pitch and roll, are of primary interest in determining the antenna's ability to
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maintain a data link. To a lesser degree, translational accelerations are a

concern to ensure that the system is not damaged by exceeding the maximum

acceleration it can withstand.

The sensors internal to the MRU are rate gyros to measure angular velocities

and accelerometers to measure translational acceleration. In order to convert

the time series angular velocities to displacements, the sampled values were

numerically integrated by a composite trapezoidal quadrature:

(5.14)

where

0= computed displacement

V = measured velocity

h = sample interval

Similarly, accelerations are computed from velocities using a five point

differentiation scheme [Burden and Faires (1993)]:

(5.15)

where

A = computed acceleration
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(5.16)

Under the assumption of rigid body motion, angular rotations, velocities and

accelerations at the top of the tower are equal to those at the eG. However, in

order to determine the maximum longitudinal accelerations to which the antenna

unit would be subjected at the top of the tower, the combined effects of the surge

and pitch accelerattons must be considered. Surge acceleration is measured

directly by the unit. Pitch accelerations are computed as described by

Equation 5.14. In order to evaluate the maximum horizontal acceleration

experienced at the top of the tower, the coupled acceleration of surge and pitch

is computed.

Ax:r = ~M - e~ (rx cos eM - rz sin eM)

+ eM (rz cos e- rx sine)

Ax:r = total longitudinal acceleration at tower

x = surge acceleration output from accelerometer

eM = pitch velocity at measurement point

eM = pitch acceleration at measurement point

r, = vector offset from measurement point to top of tower in x direction

ry =vector offset from measurement point to top of tower in z direction

In order to determine the maximum vertical acceleration at the top of the tower,

the contribution from both roll and pitch is considered:
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An = ~ + 12 (rx cos ysin e - ry sin Y - rz cos ecosy)

+ 1 eM (2rx sin YM cos eM + zr, sin YM sin eM)

+ e~ (rx cos YM sin eM - rz cos YM cos eM)

+ 'YM (rx sin YM sin eM + ry cos YM - rz sin YM cos eM)

- eM (rx cos YM cos eM + rz cos YM sin eM)

An = total vertical acceleration at tower

~ = heave acceleration output from accelerometer

1M = roll velocity at measurement point

'YM = roll acceleration at measurement point

(5.17)

A set of time series measurements that have been transformed as described

above for a selected segment of data recorded during sea state 4 conditions are

provided in Figures 5.6 through 5.10. To determine the limiting sea states in

which the antenna can maintain communications, a comparison must be made

between the maximum angular displacements and angular velocities of the buoy

with the performance specifications of the antenna system. In order to make this

comparison, the minima, maxima and zero up crossing period is determined

from the time series record of each degree of freedom buoy displacement.

Figure 5.11 depicts typical scatter plots of maximum displacement versus

translation time for each rotational degree of freedom as determined from the
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zero crossing analysis. Also plotted on these figures is the maximum

performance limitation of the antenna system. The data from this zero crossing

analysis is also plotted as histograms of maximum displacement versus the

number of occurrences in each record in Figures 5.12 and 5.13. This provides a

convenient means of comparing the measured buoy motion with the probability

distribution of the wave heights. Finally, the time series data of the buoy's

motion is transformed into frequency spectra in order to compare the measured

response with that predicted by the modeling conducted during the design

phase. The time series record was subdivided into files representing

approximately 8 1/2 minutes each. At the MRU sampling rate of 4 Hz, each of

these files contains 2048 points. Each of these files was further divided into

M = 16 segments of 128 points. A simple Parzen window whereby

(5.18)

1
t - - (N - 1)

2
1
- (N - 1)
2

w (t) = 1 - 1-""'=---1

is applied to each of the segments resulting in the windowed values, for example

i = each buoy degree of freedom

A Fast Fourier Transformation (FFT) is performed on the windowed data and

summed over 16 segments in order to obtain for each time record an energy

density spectrum representing the displacements in each of the buoys degrees

of freedom.
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Spectra derived in this manner for each of the measured buoy degrees of

freedom are provided in Figures 5.15 through 5.20. These motions were

recorded during conditions characterized by sea state 4. The measured wave

spectra for these response spectra is provided in Figure 5.14. For comparison

purposes, predicted spectra for the appropriate degree of freedom are also

presented in these figures. The predicted spectra were generated by utilization

of the transfer function described in Chapter 3 using as an excitation input a two

parameter mathematical spectrum model given by:

(5.19)

where

A

B

= mean wave period

Because it is assumed that the system is linear, the buoy motion response for

each degree of freedom may be predicted by simply applying the appropriate

response operator T;, described in Chapter 3.

(5.20)
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Again, assuming the wave amplitudes and, therefore, the system's linear

response are Rayleigh distributed, the statistical parameters of the buoy/mooring

system are readily predicted.

The mean square value of the response is simply

r2 = L~ T(ro)2 S (00) dm

so that, as with the wave spectrum,

~ms = .Jf
ravg = 1.25 rrms

r, = 2 rrms
3

and

(5.21 )

r 1 = 2.55 rms.
10

In order to provide a good means of comparing the frequency domain design

tool's predicted buoy motions with those measured, the values of H 1 and Tm
3

used to generate the two parameter spectrum are those determined from the

wave record of the files under comparison. Figures 5.16 through 5.21 provide a

comparison of predicted versus measured buoy response spectra for sea state

4. Figures 5.2, 5.3, 5.4 and 5.14 represent the environmental conditions for that

experiment.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

The experimental data collected from tests conducted with the full-scale

prototype verify that the design developed herein is adequate to meet the

requirements for conducting satellite communications in conditions through sea

state 4.

It is evident from the scatter plots of maximum rotation versus translation time

that system dynamics are within the design envelope. However, in the plot of

pitch versus translation time of Figure 5.11, as pitch displacements become

large, they approach reaching the maximum rotational velocity of the antenna.

Based upon this, it would appear that sea state 4 may be considered the upper

limit of operating conditions for the system as configured with a reasonable

margin.

Also evident from these plots is that the assumption that yaw motion of the buoy

would be substantially dictated and mitigated by the strong influence of the

current on the moored buoy is a valid one. The buoy in effect acts like a weather

vane in this steady current. The response in yaw indicated by Figures 5.10 and

5.15 is at a very low frequency (.02 Hz). There are some higher frequency

components evident as small peaks in the yaw response spectra. A

superimposed ripple on the long period of the yaw time series is consistent with
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this minor higher frequency (0.2 Hz) sway response. The low frequency

oscillations, particularly at the low displacements measured, do not significantly

effect the system's ability to maintain a link with the satellite.

The data indicate that the linear model used to predict system performance and

all its attendant assumptions are valid for these conditions. This can be readily

observed by inspection of the Rayleigh-like probability histograms (Figures 5.12

and 5.13) of the buoy motions. The simplifying assumption of a linear

hydrodynamic damping force appears to be reasonable. The relationship of the

buoy's dimensions to the wave field is in a region in which it is reasonable to

simplify the drag effects [Chakrabati (1987)].

While the capability of the frequency domain design tool to predict in-plane

motions is very good, the attempt to predict the out of plane motions based

strictly on flow induced lift forces was less successful. The lack of the large in

plane velocity term in the damping coefficient for roll results in a very high (under

damped) response spectra and resultingly, an over-prediction of roll motion.

Also, the simplified model for lateral motions neglects any contribution from the

mooring cable. The roll prediction could be improved through modifying the

damping term.
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Sway on the other hand is under predicted. This appears to be due to the fact

that the simplified lift force model derives excitation from a narrow band centered

around 0.2 Hz. In fact, in spite of the assumption of a unidirectional wave field,

the wave directional measurements (Figure 5.1) indicate that there is also a

component of wave excitation propagating from the N-NE. The measured

values for sway are also affected by this energy which is not accounted for in the

simplified design model. The coupled buoy-mooring model is an effective design

tool. Data collected from the buoy in a free floating (no mooring) mode was

compared with predictions made by evaluating each degree of freedom

separately using a modification of the WHOI sdof model [Berteaux (1977)]. The

uncoupled model provided only marginal results in conditions up to but not

beyond sea state 2 [Venezia et. al. (1993)] for the free drifting buoy. No further

attempt was made to correlate this model with the moored case.

It is anticipated that the full-scale prototype described here will actually serve as

the basis for the telemetry relay system of the AUTEC shallow water tracking

range. Upon installation of the AUTEC tracking range, further investigations will

be facilitated. With the buoy's mooring cable instrumented with acoustic

beacons, the tracking range could actually be utilized to monitor the motion

along the length of the mooring.
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APPENOIXA

NOSC DISC COEFFICIENTS

= Vertical Moment of Inertia Coefficient

= Added Moment of Inertia Coefficient

Hz = -0.00166 (kaR)+0.10502(kaRt -0.06863 (kaRt +0.01671 (kaRf

- 0.00144 (kaRr

= Moment Damping Coefficient

Ny = 3.6008 (kaR) -4.5184 (kaRt +2.5304 (kaRt -0.6674 (kaRr

+ 0.06694 (kaRt

= Vertical Damping Coefficient

k a = encounter wave number

a11 = m(1 + k.]

a13 = k1mGB
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k, = longitudinal (surge) added mass coefficient

Nose spar coefficients

all = m

rrr'k 300
0 0

2 + eopApVcbll
e e

4p

m
a13 = -- P2 1

m2k 300
b13

e 0 0 001 + eopA pv, GB=
4p

a22 = m (1 + ko)

b22
poi, 2(0 )= 2m So rnk, 0 - pSo

C22 = pgSo

a31 = -mP1

m2k 3 00
b31

o 0 0 001 + eopApv, GB= -
2p

a33 = I y + mP2

rn'k 3 00
b33

o 0 0 1=
2p
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~ = ~ r (ZG - zJ S(z)dz (i = 1,2)

P fO k ( )j c' ,OJ = m d' e- eZ zG - z S(z)dz I = 0,'

So = water plane area

S = cross sectional area
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APPENDIX B

DRAG FORCE DUE TO COMBINED CURRENT AND WAVE INDUCED

MOORING MOTION

Expressions for Fu' Fv, and Fe> are derived based on the sine square

relationship of Equation (3.12) and (3.13).

where

-v
a = tan' -

V -uc

Since

sin (<I> - a) = sin<l> cosa - coso sine,

which, when substituted into the first Equation yields

F
1
2

PCCN

Up to terms linear in u, v and <1>' it is found that

F
1
2 pcCR

Upon solving U = u sino - vsino, V = u coso + V sin <I> for u and v in terms of

U and V and substituting,
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from which

1 aF
- 2Vc sine,- =1 au

2PCCR

1 aF
- = 01 av

2 peCR

Similarly for G,

Expanding again,

1 so
= -V; sine, [2d coso, + e]

1 alj>
2 peeR
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