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DEPARTMENT OF THE NAVY 

NAVAL SURFACE WARFARE CENTER 
CARDEROCK  DIVISION 

BETHESDA. MD   20084-5000 

OFFICE OF THE DIRECTOR 

Septembers, 1995 

To: The UJNR Marine Facilities Panel, 

On the behalf of the U.S. members, it is a great honor and privilege for me to welcome our 
Members and Advisors from Japan for this the 20th MFP meeting. We specifically welcome the new 
Japan Chairman, Dr. Genya Aoki and we congratulate him on his selection as the new Director- 
General of the Ship Research Institute. 

Almost two years have passed since our last meeting in Japan in May 1994. This meeting 
was a continuation of our most successful meetings, now a tradition, in support of our Charter. It 
is interesting to note the UJNR was chartered in 1964. Technology information exchange has been 
the primary product of these meetings and this was often the seed stock for subsequent meetings, 
technical conferences, and joint projects. Many of these outcomes are described in the reference 
paper (enclosed) by the past U.S. UJNR/MFP Chairman, Mr. Joe Vadus. During the 19th in Japan 
in May 1994 there were discussions on restructuring of the Panel to focus more on opportunities for 
cooperative projects. A U.S. proposal for restructuring was proposed to Chairman Kitagawa in 
November 1994. The format of this meeting is the result of this restructuring and strengthing 
initiative. 

The Plenary Session is to present technology and note areas of common interest for potential 
future cooperation. Time has been included at the end of each session for candid discussion and 
questions to help better understand the technology and appreciate the goals that may have common 
interest. The study tour will provide considerable additional information on U.S. marine facilities, 
provide time for detail discussions, and provide opportunities for developing lasting personal 
contact. It is through these contacts that opportunities for understanding and cooperation grow. 

We need to identify during this meeting the process for continuation of discussions leading 
to true cooperative projects. It may be appropriate to create working groups with dedicated 
leadership. I challenge each of you to participate in the development of new processes for nurturing 
and negotiating cooperative projects. This is in direct support of our Charter. 

Finally, I would like to extend a warm welcome to the U.S. Members. I thank them and all 
the Japanese participants for their efforts in preparation for this meeting. The Technical Panel 
Chairman and the authors of the technical papers have done an outstanding job. Also I would like 
to announce that this meeting and the proceedings are dedicated to Mr. Ryoichi Sasakawa. Mi 
Sasakawa was a genuine supporter and participant of the UJNR for many years. We appreciate very 
much his contributions to UJNR and to his contributions to humanity and society. He will always 
be remembered for his personal interest and kind support of our UJNR marine activities. 

RICHARD E. METREY } 
U.S. Chairman, UJNR 
Marine Facilities Panel 

20th Meeting U.S. Japan Marine Facilities Panel 



UJNR Work Booklet 

THIS PAGE INTENTIONALLY LEFT BLANK 

VI 20th Meeting U.S. Japan Marine Facilities Panel 



UJNR Work Booklet 

UJNR   ITINERARY 

DATE TIME SCHEDULE MOT 

Sep  24 Arrivals 
Sunday Holiday Inn (Georgetown) 

2101 Wisconsin Ave. 
Washington, D.C. 

Sep  25      0830-1600 National Academy of 
Monday Sciences (Green Bldg.) 

2001 Wisconsin Ave. 

0900-1500        Optional Ladies Tour 
(Tourmobile Sightseeing of 
Washington, D.C.) 

1800-2000 UJNR Reception at 
National Academy of 
Sciences (Green Bldg.) 
2001 Wisconsin Ave. 

cab 

Sep  26 0830-1600 National Academy of 
Tuesday Sciences (Green Bldg.) 

2001 Wisconsin Ave. 

0830-1400 Optional Ladies Tour 
(Millwood Mansion) 

cab 

Sep  27 0730-0830 depart hotel bus 
Wednesday 0830-1100 National Institute of Standards and Technology 

1130-1300 Lunch (Olde Towne Tavern) 
1330-1700 Carderock Div., NSWC/Carderock 
1715 depart for Mr. Metrey's house bus 
1800-2130 Reception 
2230 return to hotel bus 

Sep  28 0730 depart hotel bus 
Thursday 0830-1200 Carderock Div., NSWC/Annapolis bus 

1200-1315 lunch (O'Leary's Seafood Restaurant) bus 
1315 depart for National Airport) bus 
1505 Fly to New Orleans plane 

depart airport to cab 
Holiday Inn (French Quarter) 
Holiday Inn (Chateau Le Moyne) 
Holiday Inn (Crown Plaza) 

20th Meeting U.S. Japan Marine Facilities Panel Vll 
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Sep  29      0800-0900 
Friday 0900-1600 

1600-1700 

Sep  30      0900 
Saturday     0930-1100 

depart hotel 
NOAA, Stennis Space Center, NASA, Navy 
lunch in cafeteria 
return to hotel 

depart hotel 
University of New Orleans 

bus 

bus 

bus 
bus 

Oct 1 
Sunday 

Oct 2 
Monday 

Oct 3 
Tuesday 

0900-1300 
1300 

0800 
0830-1130 
1130-1300 
1315-1600 
1615 

0800 
0830-1130 
1145-1300 
1330-1630 
1630 

Oct 4    0700 
Wednesday 0900-1045 

1115-1230 
1355 

Oct 5 
Thursday 

Oct 6 
Friday 

0755 

0830-1715 

0800-1600 
1800-2000 

Propose city tour bus 
return to hotel 

depart hotel bus 
Port of New Orleans 
lunch bus 
Textron Marine Systems bus 
return to hotel bus 

depart hotel bus 
Avondale Industries, Inc. bus 
lunch bus 
Shell bus 
return to hotel bus 

Fly to Memphis (GROUP 1) plane 
LCC van 
Lunch 
Fly to Washington, D.C. (GROUP 1) plane 

Fly to Washington, D.C. (GROUP 2) plane 

International Maritime Exposition (SNAME) 
Washington Hilton and Towers 
Washington, D.C. 

SNAME Conference 
Dinner (Final Meeting) Washington Hilton 
and Towers (Lincoln Rm) 
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AGENDA 
20th UJNR Marine Facilities Panel Meeting 
Plenary Session, September 25 and 26,1995 

National Academy of Science 
Washington, DC 

MONDAY 

0800    General Announcements: 
Welcome:      U.S. Chairman, Mr. Richard Metrey 

Japan Chairman, Dr. Genya Aoki 

0815   Introductory Remarks: 
Mr. Larry Huffman, 

U.S. Department of State, Bureau of Oceans and International 
Environmental and Scientific Affairs 

Dr. Richard Getzinger, Director International Programs 
American Association for the Advancement of Science 

0845   High Performance Advanced Ships Technical Session 
Session Chairmen:     Mr. Hajime Inouc, 

Ship Research Institute 
Mr. Charles Stuart, Director 

APRA Maritime Systems Technology Office 
Papers: Japan 

"Foil-Assisted Catamaran "SUPERJET-30," 
Kazura Hatta. Eifu Kataoka, Toshihiko Arii 

Hitachi Zosen 
Corporation Maritec Design Department 

"Sea Tests with Large Scale Models of Techno-Superliner," 
Hisayoshi Endo. Kazuo Sugai 

Ship Research Institute, and 
Technological Research Assoc. Of Techno-Superliner 

"Development of Human Friendly Support Systems for Advanced Coastal 
Tankers in Japan," 

Junji Fukuto. Masayoshi Numano, Keiko Miyazaki, Kunihiko Tanaka, 
Yasuyoshi Itoh, Yujiro Marayama, Masao Shimono,Toshio Ohyama 

Ship Research Institute, Japan Coastal Tanker Association, and 
Mitsubishi Heavy Industry 

20th Meeting U.S. Japan Marine Facilities Panel ix 
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'Introduction of Research Project on Wing-in-Surface Effect Ships in SRI," 
Takeshi Fuwa, presented by Shoichi Hari 

Ship Research Institute 
Ministry of Transport 

"Experimental Investigation of Fuel Cell for Marine Use," 
Sadahiro Namie 

Ship Research Institute, 
Ministry of Transport 

Papers: US 

"The Fastship Project - A Revolution in Container Shipping," 
Mr. Collister Johnson, Jr. 

FASTSHIP Atlantic 
"Evolution of Intelligent U.S. Piloting Aids," 

Ms. Martha Grabowski 
Rensselaer Polytechnic Institute 

"The Integrated Shipboard Information Technology Platform," 
Mr. Gene Story 

Marine Management Systems 
"WR-21ICR Gas Turbine Development Program," 

Mr. John Chiprich 
Westinghouse Electric Corporation 

1100   Discussion and Questions: 
Mr. Hajime Inouc and Mr. Charles Stuart, Moderators 

Potential Areas for U.S./Japan Cooperation 
Dr. Frank Peterson 

Cardercok Division, NSWC 

1200   Lunch 

1300    Environmental Considerations in Ship and Facility Design 
Technical Session 

Session Chairmen:      Dr. Atsushi Kumano, 
Research Institute of Nipon Kaiji Kyoukai 

Mr. Craig Alig, Director 
Environmental Quality Department 
Carderock Div, NSWC 
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Papers: Japan 

"Damage to Port and Harbor Facilities by the Hyogo-ken Nanbu Earthquake," 
Shunroku Kaneko. Shuichi Soda, and Tatsuo Wako 

Ports and Harbors Bureau, and 3rd District Port Construction Bureau 
Ministry of Transport 

"Concept Study for the Promotion of the Equator Area of the Pacific Ocean: 
Deep Sea Water Utilization Systems by Archimedean Screw-Type Membrane 
System," 

Takeo Kondo 
Department of Oceanic Architecture and Engineering 
College of Science and Technology 
Nihon University 

"Life Assessment System of Ship and Offshore Structures," 
Hirohiko Emi, Asakuni Tsukayama, and Atsushi Kumano 

Research Institute of Nipon Kaiji Kyoukai 
"Numerical Simulation of Large Scale Grounding Tests," 

Dr. GenyaAoki 
Association for Structural Improvement of the 

Shipbuilding Industry 

Papers: US 

"Shipboard Liquid Waste Management Strategies," 
Dr. Hu Fleming, M. Hauschild,anciJ.Klie 

Zenon Environmental Inc. 
"U.S.Navy High Pressure Water Jet Systems," 

Mr. John Williams, 
Carderock Division, Naval Surface Warfare Center 

Mr. Robert M. Rice, 
United Technologies Waterjet Systems, Inc. 

"Composite Marine Structures for Port and Harbor Applications," 
Mr. Frank March, 

Seaward International Inc. 
"Technology Windows-of-Opportunity for Marine Spill Clean Up,' 

Dr. Atle B. Norvik and Dr. James L. Simons 
Marine Spill Response Corp. 

Dr. Michael A. Champ, Texas A&M University 

1530   Discussion and Questions 
Mr. Hiromichi Sasaki and Mr. Craig Alig 

20th Meeting U.S. Japan Marine Facilities Panel xi 
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1630   Monday Closing Remarks 
Dr. Genya Aoki and Mr. Richard Metrey 

MONDAY EVENING 

1830   U.S. Japan UJNR/MFP Reception 

1900   Introduction of Special Guests 
Dr. Genya Aoki and Mr. Richard Metrey 

TUESDAY 

0830   Announcements and Remarks 
Dr. Genya Aoki and Mr. Richard Metrey 

0845   Facilities and Systems for Global Ocean Observation Technical Session 
Session Chairmen:     Mr. Hisaaki Maeda, Professor 

Institute of Industrial Science 
University of Tokyo 

Mr. Joseph Vadus, Senior Technical Advisor 
NOAA National Ocean Service 

Papers: Japan 

"Japanese Ocean Observation and Research: Present Status and Future Plans," 
Dr. Masataka Hishida 

Japan Marine Science and Technology Center,  JAMSTEC 
"Development of Whale MigrationTracking System," 

Hiroyuki Nakahara, S. Ohsumi, Hisaaki Maeda. and T. Hayashi 
Research Inst. for Ocean Economics, Inst.of Catacean Research, 
Inst. of Industrial Science, Univ of Tokyo,and 
Chibalnst. Of Technology 

"Results of Sea Trial of 10,000m ROV "KAIKO" 
Masavuki Tazaki 

Deep Sea Technology Department 
Japan Marine Science and Technology Center 

"Sea-w Program for Global Ocean Observation," 
Hitoshi Nareita and Tsuneo Asai 

Corporate Diversification Headquarters 
Mitsui Engineering and Shipbuilding Co. Ltd. 
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Papers: US 

"Global Ocean Observation System: Status Plans and Future Needs, 
(The U.S. Perspective)," 

Mr M G. Briscoe and Dr. Munel J. Cole, 
Office of Ocean and Earth Sciences, 
NOAA National Ocean Service 

"Global Ocean Observations Through the ARGOS System, 
Mr. Archie Shaw, President 

Service Argos Inc. 
"Global Acoustic Observations," 

Dr. Robert Spindel, Director 
Applied Physics Laboratory 
University of Washington 

•Advanced A—sUndersea Vehicles for Coasta, Ocean Observafons, 
S.E. Dunn, S. Smith, M.Dhanak 

Florida Atlantic University 
T. Hopkins, and P.Betzer, 

University of South Florida 
"Use of Mini-Array Sensors for Extended Ocean Wave Observations, 

Mr. Clifford E. McLain, Semor Scientist 
* Ares Corporation 

"Undersea Vehicles: National Needs and Role in Ocean Observations 
RADM J. Bradford Mooney, (USN ret.), President 

J.B. Mooney Associates 

1100    Discussion and Questions 
Mr. Hisaaki Maeda and Mr. Joseph Vadus 

1ZUU       uuuvu 

1300 Marine Facilite in Coastal Space Utilization Technical Session 
Sel?c^nnen:     Mr. Shigeru Ueda, Professor Cml Engmeenng 

Tottori University 
Dr. Patrick Takahashi, Director 

Hawaii Natural Energy Institute 

Papers: Japan 

"Outline of New Research Project for an Ultra Large Floating Platform, 

Technical Research Assoc. of MEGA-FLOAT 

20th Meeting U.S. Japan Marine Facilities Panel 
XUl 



UJNR Work Booklet 

"Dynamics of Flexible Huge Floating Structures," 
Hisaaki Maeda and Shogo Miyajima 

Institute of Industrial Science 
University of Tokyo 

"Study on Floating Bridge in Japan," 
Shigeru Ueda. Shinichirou Miyai, and Naoki Masui 

Tottori University, Port and Harbor Research Inst. and 
Ohbayashi Coporation 

"Introduction of Design Approach Utilized in Water Depth 350M Compliant Piled 
Tower Design and Water Tank Test on 1/50 Scale Model," 

Satoshi Masuda. T. Tsujioka, Y. Tsunasawa, and M. Ohashi 
Energy System Engineering Department Design Section 
NKK Corporation, and Japan National Oil Corporation 

Papers: US 

"UJNR As A Catalyst for Cooperative Ocean Programs," 
Patrick Kenji Takahashi 

Hawaii Natural Energy Institute 
"Ocean Space Utilization for Marine Resources Development in Hawaii," 

Mr. Craig MacDonald, 
Ocean Resources Branch, 
Department of Business and Economic Development 
State of Hawaii 

"OSEAR: A Proposed Coastal Ocean Space Utilization Project Off 
Nantucket Island, Massachusetts," 

Mr. George Hagerman, President 
SEASUN Power Systems 

"Chesapeake Bay/Port of Baltimore Environmental 
Restoration and Development," 
Mr. Frank Hamons, 

Harbor Development 
Maryland Port Administration 

"OTEC Commercialization" 
Mr. James Wenzel, President 

Marine Development Associates 

1530   Discussion and Questions 
Mr. Shigeru Ueda and Dr. Patrick Takahashi 

1630   Closing Remarks 
Dr. Genya Aoki and Mr. Richard Metrey 

1700   Announcements re Study Tour 
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REFERENCE PAPERS:   (Not Presented) 
"Understanding Barriers to Intrapreneurship in R&D Organizations" 

Dr. James C.S. Meng 
Naval Undersea Warfare Systems Center 

"Fisheries Technology Cooperation for the 21 st Century" 
Dr. Paul Kilho Park 

NOAA NMFS Oxford Field Station 
"A New Approach to Mechanical Fault Diagnosis" 

Mr. Doug Murphy 
Naval Command Control & Surveillance Center 

"Hazard Avoidance Sonar" 
Mr. Ted Grabowski, 

Lockheed Martin Laboratories 
"Simulation-Based Design for Ship Design and Acquisition," 

Mr. Gary Jones and Ms. Tricia Hankinson 
Advanced Research Projects Agency 

"Experimental Investigation on Fuel Cell for Marine Use," 
Sadahiro Namie, Masanobu Nomura, and Takano Kumakura 

Ship Research Institute 
"A Study of Remote Sensing of Marine Pollutants," 

Hiroshi Yamanouchi and Susumu Yamagishi 
Ship Research Institute 

"Characteristics of Impulsive Tension on Buopy Mooring Chain," 
Tetsuya Hiraishi 

Port and  Harbor Research Institute 
Ministry of Transport 

"Experimental Study for Automatic Installation System of Offshore Structures," 
Satoru Shiraishi 

Port and Harbor Research Institute 
Ministry of Transport 

"On the Wind and Current Forces Acting on a Ultra Large Floating Platform," 
Shigeo Ohmatsu 

Ship Research Institute 
Ministry of Transport 

Areas for Potential Japan-U.S. Cooperation: 
"Expert Systems in Ship Design" 
"Fuel Cells for Ship Applications" 
"Roll Stability of Ships" 
"Ship Systems Automation" 
"Mobile Offshore Floating Platform" 
"Life Assessment of Ship and Offshore Structures" 
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STUDY TOUR   Wednesday through Wednesday: 

Wednesday: 
National Institute of Science and Technology 
Carderock Division @ Carderock 

Thrusday: 
Carderock Division @ Annapolis 

Friday: 
NOAA 
Navy Research Lab, Oceanographic Division 
NASA Stennis Space Center 

Saturday: 
University of New Orleans 

"Electronic Nautical Charting: Role in Sustainable Development of 
Marine Transport Operations," 
Mr. Joseph R. Vadus 
National Oceanic and Atmospheric Administration 

Monday: 
Port of New Orleans 
Textron Marine Systems 

Tuesday: 
Avondale Industries 
Shell Offshore 

Wednesday: 
Carderock Division @ Memphis (Large Circulating Channel) 

Thrusday and Friday: SNAME Annual Meeting, Washington, DC 

Friday evening: Final Meeting and Dinner 

20th Meeting U.S. Japan Marine Facilities Panel xvii 
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United States-Japan Cooperative Program in Natural 
Resources (UJNR): Marine Facilities Panel (MFP) 

Joseph R. Vadus 
National Oceanic and Atmospheric Administration 

National Ocean Service/ Coast Survey 
Silver Spring, Maryland 

BACKGROUND 

The United States-Japan Cooperative Program in 
Natural Resources (UJNR) was established in 1964, 
through agreements at the cabinet levels of both coun- 
tries, to facilitate cooperative efforts and equitable 
technology exchange under the category of natural 
resources. The UJNR functions within the framework 
of the United States-Japan Agreement in Science and 
Technology (1989). The nine of the eighteen UJNR 
panels that deal with marine science and technology 
consist of Marine Facilities, Diving Physiology, Sea 
Bottom Surveys, Marine Geology, Marine Mining, 
Aquaculture, and three new panels-Pacific Observation 
and Research, Submersible Research, and Marine 
Environmental Science and Technology. The National 
Oceanic and Atmospheric Administration (NOAA) 
administers the United States panels, and the Japan 
Science and Technology Agency (STA) administers the 
Japan panels. 

INTRODUCTION 

This paper will cover the activities and accomplishments 
of the Marine Facilities Panel over the past fifteen years 
(1980-1994), during which the author served as United 
States chairman. Typically, the full panel consists of 
about 45 members and advisors, with equal representa- 
tion from government, industry, and academia. United 
States government agencies that participated in the 
Marine Facilities Panel include: the Advanced Research 
Projects Agency, Army Corps of Engineers, Maritime 
Administration, National Science Foundation (NSF), 
NOAA, and the United States Navy. In addition, the 
Marine Board of the National Research Council has 
been represented at all meetings during this time. 

A broad set of isisues are addressed by the Marine Fac- 
ilities Panel Charter including ocean and coastal engine- 
ering; ocean resources exploration and development; 
advanced ship technology; offshore and undersea 
systems; remotely operated and autonomous undersea 
vehicles; coastal and ocean space utilization; port and 
harbor facilities development; ocean environmental 
measurement and observational systems; and pollution 
and waste management systems. At panel meetings, 
which are held every eighteen months at sites that 
alternate between the United States and Japan, specific 
papers are requested by each side and the visiting 
delegation visits specific, requested marine facilities or 
projects. The goal of these meetings is to review and 
discuss the latest advances in marine facilities and 
technology; engage in cooperative projects of mutual 
interest; and ensure equitable technology exchange. 
Such cooperation minimizes duplicative research, and 
elevates the technical competence of both sides. 

During this fifteen year period, ten meetings were con- 
ducted and documented in proceedings, including the 
presentation of over 500 technical papers and visitation 
to over 200 marine facilities or major projects in cities 
throughout the United States and Japan. In addition, 
cooperative projects were conducted and many in- 
teractions for information and data. 

At the last UJNR meeting in May 1994 held in Japan, 
Dr. Michael A.G. Michaud, Minister-Councilor for En- 
vironment, Science and Technology Affairs, United 
States Embassy, Tokyo, stated in his opening remarks 
that: 'The Marine Facilities Panel stands out as not only 
the largest of the seven marine panels, but also the most 
energetic and productive in terms of program accom- 
plishments. This is a well earned reputation. Without 
question, this panel covers the waterfront and most 
everything seaward when it comes to marine technology. 

20th Meeting U.S. Japan Marine Facilities Panel XIX 
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This Panel has greatly advanced the insight of both 
sides into the culture, history and traditions of the other. 
This collegial relationship is one in which people in the 
diplomatic corps, including myself, strive a lifetime to 
achieve." 

ACCOMPLISHMENTS AND BENEFITS 

Many advances in technology are a result of site visits, 
information exchanges, and cooperative projects that 
have occurred over the years. A few of these achieve- 
ments are listed below. 

Advanced Ship Technology 

A close dialogue between the United States Navy, 
United States Coast Guard, and Mitsui Engineering and 
Shipbuilding Co., Tokyo, on semisubmersible, small 
water plane area twin hull (SWATH) ship technology 
began in the early 80s. Mitsui initiated their SWATH 
development based on the United States Navy's Kai- 
malino and evolved their design in progressively larger 
ships to the present 3,000 ton Kaiyo, used by JAMSTEC 
as a support ship for undersea work. 

Japan has successfully demonstrated automated sail- 
rigged ships capable of as much as 50 percent reduction 
of fuel costs. The concept of an unmanned ship was 
first demonstrated on a monitored test run in the Sea of 
Japan. 

In advanced ship technology the United States has con- 
ducted much formative research in magnetohydrody- 
namics (MHD), superconducting, and electric drive 
propulsion systems. However, Japan has built the 
world's first MHD propelled ship, Yamato-1, and 
applied superconducting technology to linear motors in 
their MAGLEV (magnetic levitation) high speed train 
design. 

The Advanced Research Projects Agency (ARPA) has 
embarked on a Maritime Technology Program, includ- 
ing advanced high speed ship technology (Stuart et al.). 
Japan has already made great advances with their T- 
ECHNOSUPERLINER aimed at producing a stable 50 
knot ship carrying 1000 tons with a range of 1500 n . 
miles. A 17 meter, swath-type hull, prototype model, 
built by Kawasaki Heavy Industries Ltd., was success- 
fully demonstrated in Osaka Bay in October 1994. 
Japan's Ship Research Institute and the United States 
Maritime Administration have collaborated on a joint 

research project on intelligent ship systems to introduce 
more automation and minimize crew requirements. 

The Ship Research Institute, Tokyo, in cooperation with 
the NOAA Oceanographic Data Center, compiled an 
extensive database on meteorological data and NOAA 
discus buoy data, and subsequently produced the report, 
"Winds and Waves of the North Pacific Ocean 1974- 
1988". This information will contribute to improve- 
ments in ship design and operation. 

Undersea Systems 

In the 70s and early 80s, the United States led in sub- 
mersible and remotely operated vehicles (ROVS) tech- 
nology and development. However, Japan has now 
closed the gap with development and utilization of their 
Shinkai 6500 (capable of 6500 meters operating depth), 
and their ROV Kaiko 10,000 (capable of 10,000 meters 
operating depth). Both systems provide very deep 
submergence capability. The titanium pressure hull of 
the manned Shinkai 6500 was pressure tested by the 
United States David Taylor Research Center (now the 
Carderock Division of the Navai Surface Warfare 
Center) in part because of their facilities and experience 
in testing the Navy's Alvin and Sea Cliff 20,000 pres- 
sure hulls. The United States still leads in the develop- 
ment of autonomous undersea vehicles (AUVs) and 
undersea robotics technology and development. The 
Advanced Undersea Surveillance System (AUSS), 
developed by the United States Navy, is still the most 
sophisticated operational system available today. The 
AUSS is operated and maintained by Oceaneering 
Technologies Inc., Upper Marlboro, Maryland. Other 
recently developed systems for scientific and commer- 
cial use include Florida Atlantic University's Ocean 
Voyager II and the Woods Hole Oceanographic Institu- 
tion's REMUS (Remote Environmental Measuring 
Units). Japan is making progress in the smaller category 
AUVs such as Pteroa 150 and TwinBurger, a test bed 
for AUVS. 

In the area of submersible safety, there has been con- 
siderable information exchange and cooperation re- 
garding safe operations and rescue, including tourist 
submersibles. John Pritzlaff, formerly of Westinghouse 
Electric, chaired working committees including United 
States and Japan Panel members that resulted in publish- 
ing safety guidelines listed below. By the end of the 
70s, the Marine Technology Society published three 
books on Submersible Safety and Operational Guide- 
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lines, which were later published in Japanese. In 1993, 
the Society of Naval Architects and Marine Engineers 
published International Safety Standard Guidelines for 
Operation of Tourist Submersibles. Panel members 
participated in demonstration dives off Okinawa on the 
tourist submersible Moglyn. The United States Navy's 
Deep Submergence Rescue Vehicle (DSRV) was later 
followed by a Japanese version operated by the Japanese 
Navy. There continues to be a strong interest and 
exchange of information on undersea vehicles, both 
manned and unmanned, especially AUVs and undersea 
robotics. 

Coastal Infrastructure Development 

Marine facilities for coastal development and ocean 
space utilization is undergoing a surge in interest. 
Technology exchange and site visits of coastal develop- 
ment projects in the United States and Japan have been 
mutually beneficial. In fact, Japan has made major 
progress in development of artificial islands and large 
scale offshore facilities. For example, in Osaka Bay, 
Port Island, is already inhabited by over 20,000 resi- 
dents, with an international conference and exhibition 
center, hotel complex, port facilities, industry and 
recreational facilities and other social amenities. And, 
Rokko Island, adjacent to Port Island, is a distribution 
center for land, sea, and air transported cargoes, and 
provides urban facilities and social amenities for about 
30,000 residents. The world's most ambitious coastal 
development is the Marine Corridor Project, which will 
provide an "underwater beltway" connecting nine major 
cities-stations in Osaka Bay, including Port and Rokko 
artificial islands, and Kansai and Kobe artificial island 
airports. The $200 billion dollar project is scheduled for 
completion in' 2025 (Murata et al.). For comparison 
purposes, the Chunnel project connecting England with 
France cost about SI8 billion dollars. 

In port and harbor development the United States is 
making progress as well. The Worldport Los Angeles 
and the Port of Long Beach, both with modem in- 
termodal capabilities, are two examples. Together, they 
account for $144 billion dollars in value of shipped 
cargo. Additionally, a major waterfront development 
project, including reclamation and seaward expansion, 
is planned for Honolulu Harbor and adjacent coastal 
areas. In Japan, there is considerable seaward expansion 
and modernization in the Ports of Tokyo, Osaka 
(Techno-Port), Kobe, and Yokohama, referred to in 
Japan as the "Port of the 21st Century". 

Large Offshore Structures and Systems 

The United States and Japan have advanced the state of 
the art in the development of very large offshore sys- 
tems and floating platforms with assistance for both 
countries from site visits and technology exchange. For 
example, the United States Minerals Management 
Services exchanged research information with Japan's 
Ship Research Institute on related research activities on 
the impact of floating ice floes on ships and offshore 
structures. 

A close dialogue is maintained on the development of 
ocean energy systems, including shelf-mounted and 
floating platform Ocean Thermal Energy Conversion 
(OTEC) power plants, which provide non-polluting, 
renewable energy, as well as various by-products such 
as fresh water and deep ocean water nutrients for 
mariculture and cooling for air conditioning. The most 
recent efforts include operation of Hawaii's 210 kw open 
cycle OTEC facility; Japan's Saga University's open 
cycle OTEC experiments increasing power cycle 
efficiency; and cold water research at Kochi Artificial 
Upwelling Laboratory. 

COOPERATIVE WORKSHOPS AND SYMPOSIA 

United States and Japan Panel member helped organize 
and were key participants in a variety of workshops and 
symposiums over the years. The purpose of these work- 
shops is to further review, discuss, and assess advances 
in technology; establish interaction with like-minded re- 
searchers; avoid duplicating research; provide cross 
pollination of ideas; and enable commercialization from 
research products. For example, the NSF and Japan's 
STA sponsored four major technology exchange work- 
shops in 1989-90 on Autonomous Underwater Vehicles 
and Robotics, Very Large Floating Platforms and Art- 
ificial Islands, Deep Ocean Upwelling, and Remote 
Imaging for Seafloor Surveys. 

United States and Japan Panel members also plan and 
participate in the Coastal Ocean Space Utilization 
(COSU) Symposia series, which includes sponsorship 
by the NSF, NOAA, Japan's Ministry of Transport's Port 
and Harbor Bureau, Japan's Coastal Development 
Institute of Technology, and others. COSU '95, held in 
Yokohama, was followed by the Osaka Bay Sympo- 
sium, "Disaster Prevention and Sustainable Develop- 
ment of Osaka Bay", held in Kobe less than five months 
after the devastating Kobe-Hanshin Earthquake. This 
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symposium reviewed the damage to the coastal infra- 
structure, especially in the Port of Kobe, and steps taken 
to restore facilities and provide a means for mitigating 
the effects of future earthquakes. 

ENVIRONMENTAL TECHNOLOGY AND SUS- 
TAINABLE DEVELOPMENT 

In the last decade, increasing concerns were given to 
conservation and protection of the marine environment. 
These considerations were being factored into marine 
facility and major system designs such as wastewater 
treatment technologies and floating treatment facilities; 
municipal waste and dredging material processing for 
building artificial islands; spilled oil recovery skimmers; 
and ship waste management systems. Since the 1992 
World Summit Conference in Rio de Janeiro, the Panel 
easily embraced the concept of sustainable development 
because its charter covers technologies for environmen- 
tal protection as well as major development projects. 

ADDED BENEFITS 

In addition to the technological interchange, much has 
been learned about intellectual, cultural, social, and 
geographical characteristics of each country. Many 
enduring friendships have been made and were impor- 
tant in gaining mutual respect and cooperation. Those 
not involved in international bilateral efforts seldom un- 
derstand and appreciate the significance of establishing 
strong personal communications channels over time. 

FUTURE ACTIVITIES 

The Marine Facilities Panel of UJNR will continue to 
provide an excellent mechanism for cooperative re- 
lationships in technology exchange, cooperative pro- 
jects, as well as an opportunity to understand 
govemment-industry-academia relationships and plans 
and policies for ocean development. Both countries 
benefit because they avoid duplicate research projects 
that waste time and limited research funds. And, 
technology can advance more rapidly through cross 
fertilization of new research and development, achieving 
earlier commercialization and economic benefit. 

The 20th Marine Facilities Panel Meeting and study tour 
will be held in the United States September 25 - October 
6,1995, beginning with a two day plenary session at the 
National Academy of Sciences in Washington, D.C. Mr. 
Richard E. Metrey, Director of the Carderock Division 

Of the Naval Surface Warfare Center, is the United 
States Chairman, and Dr. Genya Aoki, Director-General 
of the Ship Research Institute, Ministry of Transport, is 
the Japan Panel Chairman. The two day plenary session 
will be divided into four panels: High Performance 
Advanced Ships; environmental Considerations in Ship 
and Facility Design; Facilities and Systems for Global 
Ocean Observation; and Marine Facilities in Coastal 
Ocean Space Utilization. 
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Abstract 
We developed a foil-assisted catamaran SUPERJET-30 about 90% of weight of which is supported by fore and 

aft foils. Seven vessels were constructed and its favorable charactristics have been demonstrated. 
This paper describes the outline of the new system and special features including the propulsive performance, 

advanced ship's motion control system, maneuvering modes, propulsive equipment selected, waterjet inlet duct and 
propulsive efficiency, and design principle on its structure. 

1. Introduction 
The construction number of Hitachi Zosen's 

surface-piercing type hydrofoils such as PT-50 based 
on   the   technology    introduced   from    Supramar 
(Switzerland) in 1960, totaled as many as 52 by 1983, 
but, since then could not have been accepted for its 
specific reason: restrictions from quay facilities, 
inhibition of night voyage, and the advent of cheaper 
single-hull type high-speed boats. 

The seaworthy high-speed passenger boat 
SUPERJET-30 in place of the hydrofoils has been 
developed to satisfy key requirements such as higher 
access and better comfort, and to meet potential 
demands such as those in the replacement market, the 
access to Kansai International Airport, improvement 
of existing routes with higher speed, new demands for 
new routes, and increase in demand for larger high- 
speed boats. 

2. Design Principle 
Our design targets including the following have 

been decided so that the recent requirements can be 
met with  respect  to key  parameters such  as the 
number of passengers and speed. 

• The number of passenger: more than 150 
• Speed:more than 30 knots 
• Better comfort 
• Wider cabin 
• Night voyage available 
• No special quay design required 

With detailed investigations on the above design 
targets, a hybrid system of a catamaran with 
hydrofoils has been selected, which is believed to be 
the best for satisfying various requirements such as 
speed, seaworthiness and cost-performance. 

Table   1   shows   the   principal   particulars   of 
SUPERJET-30. Fig. 1 shows the general arrangement. 

Table 1    Principal particulars of TSUPERJET-SOJ 

Length overall about   31.50 m 
Breadth.molded about     9.80 m 
Draft,excluding foils about      1.90 m 
Maximum draft,including foils about      2.80 m 
Gross tonnage about       190 
Maximum speed about 40 knots 
Passenger about 200 persons 
Main engine High speed diesel engine 
MCR about 2500PS x 2seU 

Propulsion Waterjet 2 sets 
Motion control system provided 



•k rrrncss^ 
ngnrrmTTTi"' i i i i i i i 

BmXL OtCK 

~ rFW 

X 

llr?| 

liRRBBR^RRmBB 

-ruujMjuiripi 

Fig. 1    General Arrangement of TSUPERJET-SOJ 

3. Performance 
The   propulsive   resistance   of   the   foil-assisted 

catamaran is mainly affected by the ratio of the lift 
force produced by the foil to the total weight of the 
ship, and the ship's trim.  This ratio is called the 
foilborne ratio. 

With a larger foilborne ratio, the resistance can be 
made smaller in most cases. However, the maximum 
allowable foilborne ratio is defined from the stability 
criteria and required immersion depth of the waterjet 
inlet. 

SUPERJET-30 has a sharp V-shaped hull form to 
minimize wave effect. This form was determined 
through several tank tests. 

This selected hull form shows the speed-resistance 
curve as shown in Fig.2 when the foil is fixed at a 
certain angle. Though the speed range where the 
hump exists is below the normal operating speed 
range, the propulsive horse power should be 
determined considering the humpy resistance. 

As shown in Fig. 2, there are three balance points 
(a), (b) and (c) for a certain engine power. The point 
(b) is an unstable balance point. Normal operating 
speed point should be within a region where the 
resistance steadily increases with speed increment. 
The point (c) can be candidate as the speed design. 

oi 

 •-     Ship's speed 

Fig. 2 Resistance vs. speed of foil-assised catamaran 

Another important check to be made when 
determining the normal operating speed is whether 
the ship can operate stably at the speed against the 
change in the displacement and/or the center of 
gravity. > 

Fig. 3 shows the speed-resistance curve with a 
parameter of displacement. With a constant incident 
angle of foils, the ship will become unstable mor^^k 
quickly when the displacement is small, i.e. she wil^^ 
easily reach the stable navigation limit. The incident 
angle of foils should therefore be determined so that 
the ship can operate stably even with the possible 
smallest displacement. The ship's performance at the 
standard condition (e.g. 70% of full load) may thus be 
worse than that determined based on the best incident 
angle of foils for the condition, because the incident 
angle of foils must be determined based on the lightest 
condition. 

CO 

Stable navigation limit 

Ship's speed 

Fig. 3 Effect of D.W. on resistance 
of foil-assised catamaran 



It should be noted that hydrofoil ships with a fixed 
incident angle of foils do not necessarily achieve 
higher speed by a smaller displacement and/or larger 
engine, unlike displacement type ships. 

Foils with an adjustable flap like airplanes will 
provide a way for controlling the lift in accordance 
with the speed and sea condition. The flap is 
controlled to provide attack angle in the taking-off 
operation, while it is controlled to provide smaller 
attack angle so that constant lift can be obtained to 
ensure stable navigation at the normal operating 
speed. 

amplitude operator of vertical acceleration (RAO) 
between SUPERJET-30 and an ordinary catamaran 
in regular waves. Fig. 5 shows the short-term 
prediction of the vertical acceleration in irregular 
waves based on the RAO, and the comfort criteria[l]. 

Foils with a flap can provide control of pitching 
motion by controlling the flap automatically. Fig. 6 
shows a result of a control test with a 4.5 m model. 
SUPERJET-30 without flap control can reduce 
pitching motion down to about 50% of that of an 
ordinary catamaran, while flap control can reduce it 
down to about 10%. 

3.2 Foil Performance 
The foil! configuration, especially the blade 

thickness and camber, will give the decisive effect to 
the performance. 

First, we confirmed the performance through 
experiments and numerical analyses with several two- 
dimensional foil models. Then, we measured the 
propulsive resistance, independent-foil performance, 
and the lift and drag produced by the foil fitted to the 
hull, by a towing tank experiments. 

The performance of fully immersed foils is 
significantly affected by immersion depth of the foil. 
Minimum depth for satisfying the design 
requirements was studied through experimental 
analyses. 

Cavitation on the foil surface will become severe at 
higher speed. 
Speed of 35 knots and above may cause cavitation on a 
foil having the blade thickness ratio of 10%. The foil- 
assisted ship of which operating speed is greater than 
30 knots thus requires detailed study of cavitatioin 
occurrence and its effects for the foil design. We 
established a cavitation avoidable foil design using the 
data obtained from tests in a cavitation tank. 

3.3 Ship's Motion 
Ride comfort is an important factor for passenger 

ships. Unfavorable motion and bad comfort will cause 

bad reputation for the ship's service, even if the ship 
can offer very high speed. 

Existing high-speed boats have fatal disadvantage: 
bad comfort due to motions with high acceleration. 
Our SUPERJET-30 can solve this problem by the new 
hybrid system. 

Fig.  4   shows  the  comparison  of the   response 
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Next, reduction of rolling motion will lead to 
further better comfort. The control of rolling motion 
was designed based on our experience from surface- 
piercing hydrofoils and tests with a 12 m full scale 
model EXCELLER[2][3]. 

Fig. 7 shows the results of a simulation of rolling 
motion using the experimental data of SUPERJET-30. 



The control can provide a significantly large effect of 
reducing rolling motion comparing to an ordinary 
catamaran. 

Fig.8 shows the time history of ship's roll angle and 
flap's angle of SUPERJET-30. Navigation with the 
control-on seems to provide very good in-wave 
operation. 
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3.4 Maneuvering 
The maneuvering of SUPERJET-30 is associat 

with the ship's motion controls. 
3.4.1 Self-Stability 

The following features provide self-stability and the 
ship can navigate stably without control. 
•For vertical motions 

Pitching motion : Two canard foils each located 

fore and aft provide self-stability. 
Heaving motion : Self-stability due to the ship's 

buoyancy and damping effect by the foil. 

•For rolling motion 

Rolling motion    : Self-stability due to the ship's 
buoyancy and damping effect by the foil. 

In the hybrid concept, the static stability in the 
vertical direction is very important like airplanes. 
Comprehensive study is thus required for determining 
the center of gravity(CG), the distance between the 
CG and fore/aft foils, and foil size. 

Fig. 8    Time history of ship's motion 

3.4.2 Maneuvering Modes 
The flap control has both Auto and Manual mod 

Providing for failure of the flap control, the following 
maneuvering modes are provided with the flap control 
system. 

(l)Stop Mode 

(2)Hull-Borne Mode: In-port operation and slow 
speed operation. No control for ship's draft and 

motion is executed. 

(3)Foil-Borne Mode: Normal high-speed navigation. 
The foil produces lift corresponding to about 80 to 
90% of the ship's weight. The control of ship's draft 
and motion has the following two modes: 

(a)Roll control (Auto) 
Controls of the rolling angle and roll rate to 

reduce the ship's motion. 
(b)Height control (Manual/Auto) 

Controls of the bow height to maintain 
directional stability and to avoid the exposure of the 

fore foil. 

(4)Take-Off Mode 
Controls of the height manually or automatically 

in the transient state from the hull-borne mode to the 
foil-borne mode so that the foil-borne status can be 
obtained quickly. 



(5)Alighting Mode 
Means the transient state from the foil-borne 

mode to the hull-borne mode. Since 
SUPERJET-30 is self-stable, safe and quick alighting 
requires only decreasing the main engine rpm. Only 
by stopping the engine she can achieve emergency 
alighting in a very short time. No control of ship's 
motion is required in this mode. 

(6)Turning Mode 
No bank-turn is required, because turning makes 

smaller acceleration in the lateral direction, and 
quick and high-speed turning operation will rarely be 
done. 

For the ordinary propeller, both the relative 
rotative efficiency and hull efficiency are less than 1.0, 
though the independent efficiency is about 0.7, which 
is better than the total efficiency of the waterjet. The 
ordinary propeller requires a shaft bracket and 
rudder to be considered as resistance. In the overall 
comparison between the two alternatives, the total 
efficiency of the waterjet in the high-speed region is 
better than that of the ordinary propeller by more 
than 10%. Moreover, the waterjet does not cause 
pressure fluctuation at the bottom of the ship, which 
means that it can make the ship free from vibration. 

We finally selected a waterjet propulsion. 

3.4.3 Height Control 
To maintain the bow at a constant height is 

required for safe navigation (i.e. maintains the depth 
of the fore foil). Fig. 9 shows the result of a height 
control experiment with SUPERJET-30. Note that the 
actual height agrees well with the target value. This 
means that the height control is satisfactory. 
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Fig. 9     Height control system of 
SUPERJET-30 

3.5 Propulsive Equipment 
3.5.1 Selection 

The candidates for the propulsion system include fin 
ordinary propeller, waterjet, surface propeller and 
pod propeller. The former two types are more 
available in consideration of the weight and past usage 
records. 

3.5.2 Waterjet 
The propulsive efficiency is significantly affected by 

the size and shape of the inlet duct. 
The duct size is one of the key design points for 

SUPERJET-30 having a slender body. 
The relationship between the duct size and 

propulsive efficiency was confirmed through an 
experiment using our circulating tank. The three duct 
candidates shown in Fig. 10 and Table 2 were used for 
measuring pressure drop. The pressure drop factor 
C   is defined by the formula below. 

C=  A P /(0.5,0 V2) 
Where,   A P: Pressure drop (water column) 

p   : Density of water 
V : Ship's speed 

Table 2 shows the C values of the three candidates. 
The type C duct representing the lowest £ value 
shows a better propulsive efficiency by about 7% 
comparing to the worst B type. 

Table 2    Comparison of inlet size of waterjet 

Area(cm2) Pressure drop factor 

Duct type Point A Point C Point H t 
A 

B 

C 

109.13 

109.13 

171.01 

31.46 

32.55 

35.70 

32.15 

32.15 

32.15 

0335 

0.360 

0.225 
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Duct 

Fig. 10    Inlet duct of waterjet 

3.6 Structure 
The foil load is mostly composed of the static lift 

and dynamic force produced in waves during normal 
sea going operation. 

The dynamic effect was determined based on 
experiments in wavy conditions in accordance with 
the provisional standard for hydrofoils. 

Outside shell and longitudinal structural members 
were determined in accordance with the provisional 
standard for light structure ships and the standard for 
light structure ships (draft). Frames and other large 
structural members were determined in accordance 
with the provisional standard for hydrofoils except 
that such members as those whose span can not be 
defined due to its structural complexity were 
determined using direct analyses such as FEM 
computation while making a reference to the standard. 

We found that the structural features are similar to 
those for ordinary catamarans except that the 
foundation of the foils should be specially considered 
for higher stress. 
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4. Conclusion 
Setouti Craft Corp., University of Tokyo and 

Hitachi Zosen Corp. developed cooperatively a foil- 
assisted catamaran SUPERJET-30. Our effort for 
developing a new type passenger boat to be able to 
offer better comfort and high-speed at reasonable cost 
produced SUPERJET-30. 

Hitachi Zosen Kanagawa Works constructed seven 
SUPERJET-30s in series. The four of them are in 
senice in Setouchi Area. The others are engaged in 
the transport between Kansai International Airport 
and Awaji Island. 



SEA TESTS WITH LARGE SCALE MODELS OF TECHNO-SUPERLINER 

Hisayoshi   Endo 
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Kazuo   Sugai 
Technological   Research  Association   of Techno-Superliner,  Tokyo 

1. Introduction 
The R&D project of Techno- 

Superliner (TSL), which started in 
1989 as a 6 year program to establish 
technological foundation for 
designing and building a super high- 
speed cargo vessel with performance 
of 50 knots in speed, 1,000 tons in 
payload, 500 nautical miles or more in 
cruising range and sufficient 
seaworthiness, has advanced to the 
final   stage. 

As already introduced in the 
previous conference by one of the 
authors, two different design concepts, 
TSL-F (the hydrofoil-type hybrid hull) 
and TSL-A (the air-cushion-type 
hybrid hull), had been adopted as the 
promising hull form of TSL. Two large 
model ships with hull form of TSL-F 
and TSL-A respectively were built and 
they had served in sea tests to verify 
technological findings obtained 
through the first stage of the 
program. TSL-F type model ship was 
named as "Hayate" and TSL-A type 
model ship as "Hisho". Sea tests which 
had been carried out from April 1994 
to January 1995, fully demonstrated 
the superior performance of the model 
ships and convinced the debut of TSL 
as a new means of ocean-going 
transports. 

In this paper the outlines of the 
design and construction of the model 
ships and some results obtained from 
the   sea  tests  are  introduced. 

2. Model ships 
2.1 TSL-F type model ship "Hayate" 

The scale model of TSL-F was 
designed as 1/6 the target ship. The 
scale ratio was decided considering 
reasonable effectiveness in 
confirming its performance. The 
design maximum speed was 
determined   taking   into   account 

cavitation phenomena rather than 
normal hydrodynamic behavior. It 
was enhanced to 40 knots according to 
the similarity law of cavitation 
number, while 20 knots is required 
according to Froude number. As a 
propulsion system a set of axial type 
water-jet pump driven by a 3,800 PS 
gas   turbine   engine   was   provided. 

The configuration of the 
submerged parts which are consisted 
of hydrofoils, a lower hull and struts 
was designed as 1/6 the size of the 
target ship, while the upper hull was 
somewhat larger and heavier than the 
scale ratio due to the heavy equipment 
for maneuverability and data 
acquisition   system. 

The hull is divided into two 
parts as far as structural material is 
concerned. The submerged part was 
made of stainless steel and SUS 
sandwich panels were tentatively 
adopted in some parts of hydrofoils, 
lower hull and struts. On the other 
hand the main structure of the upper 
hull, which is lifted up in the air 
while in foil-borne mode, was made of 
aluminum alloy and a few kinds of 
honeycomb panel were positively 
used in floors and walls. 

"Hayate" constructed at Kobe 
Shipyard of Kawasaki Heavy 
Industries was launched in April 1994. 
The design and construction of 
"Hayate" and its sea tests had been 
carried out as a united work of KHI, 
Hitachi Zosen Corporation, 
Ishika waj ima-Har ima Heavy 
Industries, NKK Corporation and 
Sumitomo Heavy Industries. A general 
arrangement       and principal 
particulars of "Hayate" are shown in 
Fig.l and Table 1. 

2.rTSL-A type model ship "Hisho" 
The scale model of TSL-A was 

designed as 1/1.8 the target ship. 
Considering  that  this  type  ship  is 
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Table 1    Principal Particulars of Model Ships 

"HAYATE" "HISHO" 

Scale 1/6 1/1.8 

Length over all 17.1 m 70.0 m 

Breadth moulded 6.17 m 18.6 m 

Depth 1.5 m (moulded) 

3.35 m (max.) 

7.5 m 

Draft 3.13 m (in hull borne) 3.5 m (in off/cushion) 

1.60 m (in foil borne) 1.1 m (in on/cushion) 

Design max. speed 40 kts 50 kts 

Main engine 3,800PSx 1 (GT) 16,000PSx 2 (GT) 

Propulsor Water-jetx 1 Water-jetx 2 

Engine for lift fan 2,000PSx3 (GT) 

2,000PSx 1 (DE) 

subjected to the combined action of air 
and water, it is supposed to be quite 
difficult to keep the law of similitude 
simultaneously respecting air and 
water for smaller scale. This size was 
considered sufficient in order to carry 
out sea tests and to obtain useful 
results for designing the full scale 
ship. 

The maximum design speed was 
enhanced to 50 knots which is the 
same as the service speed of the full 
scale ship, though 37 knots is the scale 
speed according to Froude number. 
This made it possible to conduct tests 
with respect to such speed dependent 
phenomena as abrasion in the seal 
and cavitation on the hull surface 
under the  full  scale  speed. 

As a propulsion system, two sets 
of water-jet pump each driven by a 
16,000 PS gas turbine engine were 
installed on board. The engine 
mounted was converted frdm aero use 
to marine use by MHI. The water-jet 
units were newly developed in this 
project and this size of water-jet 
system was and still is the biggest in 
Japan and several times bigger than 
ever. Its vane was made of stainless 
steel and built up by welding. As a 
water inlet duct system, a pod type 

inlet was adopted from overall 
viewpoints of hull form and 
arrangement    conditions. 

As for an air-cushion plant, a 
set of gas turbine and three sets of 
high-speed diesel engines were 
installed on board, each of which has 
the output of 2,000 PS and drives two 
units of lift fans. Two different types 
of engine were adopted for 
comparative study. Lift fan is the 
double suction and centrifugal type, 
and for the purpose of achieving 
lighter weight and higher efficiency 
3-dimensional   impeller   was   adopted. 

The structural system and the 
material of hull was so designed as to 
keep the similar condition with the 
full scale ship. Hull structure adopted 
a longitudinal frame system made of 
aluminum alloy and fabricated by 
welding. The strength was determined 
on the basis of design-by-analysis by 
taking into account some cases of the 
severest environmental conditions 
which might be encountered in her 
life  time. 

A pair of fins with flap were 
provided for the purpose of attitude 
control and a pair of louvers for 
control of cushion pressure both in 
the   fore   hull. 



"Hisho" was constructed jointly 
by Mitsui Engineering & Shipbuilding 
and Mitsubishi Heavy Industries. 
After the fore half body was 
constructed at Tamano Works of MES 
and the aft half at Nagasaki Shipyard 
of MHI, the whole body and its 
equipment were completed at 
Nagasaki. Then it was launched in 
July 1994. A general arrangement and 
principal particulars of "Hisho" are 
shown in Fig.2 and Table   1. 

3.  Results obtained  in the  sea tests 
3.1  Sea tests with "Hayate" 

The tests had been carried out 
in Osaka Bay and sometimes, when 
rough sea conditions were needed, in 
Kii Channel from July to December in 
1995. 

The most serious concern of the 
designers at the first sea trial of 
"Hayate", and it is an essential 
problem for hydrofoil type hull, was 
taking-off. The anxiety soon proved to 
be in vain. The model ship gave us a 
great satisfaction by showing 
superior performances in stable 
taking-off as well as smooth landing 
even   in   rough   sea   conditions. 

The water inlet for water-jet 
pump was exchanged, in the course of 
the test schedule, from a pod type to a 
flush type in order to comparatively 
examine the total propulsion 
performance   of   two   different   types. 

The measuring system on board 
can acquire and record about 190 
items of data with respect to ship 
attitudes, wave height, pressures on 
the hull surface and inside the inlet 
water pipe, strains, etc. Most of all the 
data had been recorded in magneto- 
optical disks after converted from 
analog to digital, and some of them in 
analog data recorders when high 
frequency recording needed. For the 
purpose of observing cavitation 
phenomena around the main foil and 
the struts, two sets of TV cameras were 
installed inside the submerged body. 
"Hayate" running in her full speed is 
shown  in  Fig.3. 

The   main   achievements    in   the 
test were as follows; 
(1)   Performance   in   calm   sea 

The first priority of the sea test 
was    placed    in    verification    of    the 

estimation method by which the 
propulsion resistance of the ship can 
be obtained extrapolating tank test 
results. The method applicable to such 
innovative hull type as TSL-F had not 
been so far established. Through the 
performance tests conducted at 
various speeds in still water, the 
validity of the estimation method 
developed for TSL-F was fully 
recognized. The maximum speed 
recorded at her trial test was 41 knots, 
equivalent to 1.6 in Froude number, 
which was about the same as 
predicted. 
(2)   Performance   in   waves 

The superior characteristics of 
this model ship surpassed the 
expectation. The ship motions in 
rough seas were so small that its 
vertical acceleration was just as the 
same level as the one of "Shinkansen" 
bullet train. The performance in 
taking-off was fully reliable even in 
comparatively rough seas of over 1 
meter in significant wave height, 
which is equivalent to 6 meter for the 
full scale ship. The speed reduction 
due to waves was quite small as shown 
in  Fig.4. 
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(3) Maneuverability 
The performances in its 

turning, stopping and response to the 
helm were fully satisfactory. She 
demonstrated in making bank turns at 
any intended angles from upright to 
full bank and with no speed loss. The 
stopping distance was so short as less 
than 6 times the ship length at any 
cruising    conditions. 
(4) Structural   response 

Stresses were detected through 
strain gauges installed on 38 locations 
of the hull surface. In almost all cases, 
stress levels obtained remained under 
1 Kgf/mm^, while high stress level 
was observed locally at the joint spots 
between the lower hull and the main 
strut and between the lower hull and 
the aft horizontal elevator. These 
results obtained showed quite 
reasonable agreement with the 
analytical    estimation. 

The upper hull is afraid to 
suffer from impact load at its fore 
bottom. The structural responses as 
well as impact pressures were 
surveyed supposing two cases of 
impact loads which are induced by so- 
called "cresting" and emergency 
landing. The peak pressure were 
found to move with sharp pulse, and 
the peak values were a little higher 
than   the   estimation. 
(5) Cavitation 

Cavitation and air drawing 
phenomena were observed on the 
main hydrofoil and the struts through 
TV cameras. Cavitation occurred on 
the     leading    edge of    the    main 
hydrofoil and along the flap hinge 
line sometimes when they were 
subjected to abrupt operation, but it 
did not advance to such degree that 
harmful effects appears on ship 
performance. As far cavitation 
initiation, the critical condition had 
been detected with respect to attack 
angle of foils and flaps and it was 
found to be less dependent on 
Reynold's    number. 

Small test pieces attached on 
the submerged hull surface were 
subjected to the existing 
environmental conditions for 
detecting     cavitation     erosion.     The 

candidate       hull       materials       were 
convinced       to       have       sufficient 
endurance    against    cavitation    erosion. 
(6)Performance   of   the   water-jet 

system 
Two   types   of   inlet,   namely,   a 

pod    type    and    a    flush    type    were 
prepared   for   the   water   jet   system   to 
comparatively evaluate        their 
performances. The pod type inlet was 
equipped with an adjustable lip which 
can control the lip angle so as to 
reduce the flow loss of inlet water 
during taking-off and also to 
minimize hydrodynamic resistance 
during in foil-borne state. Though 
both types of inlet worked as well as 
expected, the flush type was regarded 
preferable especially when in take- 
off state. 
(7)Performance of the control 
system 

The validity of the control 
system was examined in various 
conditions of sea state and ship 
motion. As for the performance and 
the maneuverability of the model 
ship, the test results were quite 
reliable and agreed well, even in 
rough sea conditions, with those 
estimated by the simulation analysis. 
The sea tests supplemented the 
disadvantages of the computer 
simulation which is not regarded as 
reliable in applying to the case of 
such transient motions as turning, 
taking-off and landing. The system 
was so tuned up through the series of 
sea test as to fully applicable to such 
transient    states. 

3.2    Sea tests with "Hisho" 
The sea tests had been carried 

out at two different sea areas, 
Nagasaki-Goto and off the coast of Izu 
Island from July 1994 to January 1995. 
The purposes of the sea tests are not 
only to verify the elemental 
technologies developed in the project 
but also to prove its structural 
integrity and to receive a certificate 
as a commercial ship with ocean- 
going specifications. The sea test was 

«regarded by the Administration as an 
indispensable item for inspection. Test 
results relevant to structural safety 
were submitted and referred to as 
inspection    materials. 



Fig.5    "Hisho" in Her Full Speed 
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The ship has a "Monitoring 
System" on board which offers 32 
items of data with respect to wave 
height, ship motions, hydraulic 
pressures, overall and local stresses 
and air pressures. Those data can be 
monitored on the screen installed in 
front of the steering room. In addition 
to the data obtained from the 
monitoring system, additional 143 
items of data were acquired by the 
measuring system specially installed 
for the sea test. And the behaviors of 
the bow and stern seals were observed 
through TV cameras. "Hisho" running 
in her full  speed is shown in Fig.  5. 

The    main   achievements   in   the 
test were as follows; 
(1)   Performance   in   calm   sea 

At her speed trial test, the 
maximum speed of 54 knots was 
attained, which exceeded the designed 
speed. The dependency of speed 
reduction on hull weight was 
investigated. As the test results 
agreed   quite   well   with   prediction,   the 

effectiveness of the prediction method 
developed for the design of such large 
air-cushion catamaran as TSL-A was 
confirmed. 
(2) Maneuverability 

Through turning and stopping 
tests, the maneuverability of the 
model ship in high speed proved to be 
similar to those of conventional high- 
speed crafts. The maneuverability in 
low speed were so superior that she 
could even make a sidestep and a 
rotation by operating the deflector 
and reverser fitted on the water-jet 
nozzles. 
(3) Performance   in   waves 

The result of speed tests which 
had been conducted in various wave 
conditions and with various air 
release angle in the louver is shown 
in Fig.6. It tells us that the cushion 
pressure has a keen relation with ship 
speed. The tendency of speed 
reduction in high wave condition is 
considered to be caused by the air 
leakage   to   a   large   extent. 

The rolling and pitching 
motions induced by wave were not so 
strong as to disturb the cruising 
schedule or to cause damage to the 
ship    structure. 
(4) Wave     load     and     Structural 
response 

She experienced a severe sea 
state with 4 m of significant wave 
height off Izu Islands. That sea state is 
the fundamental design condition 
under which the design wave force 
was taken account then the structural 
strength was designed. The maximum 
stress due to longitudinal bending 
moment did not exceed by 2 Kgf/mm- 
under that condition. Thus the 
structural safety was verified at sea. 
Though the possibility of slamming 
action on the wet deck was 
anticipated, no such action was 
experienced throughout the tests this 
time. It is supposedly owing to the 
adequate   design   for  the  fore  body. 
(5) Performance   of   seal 

The behavior of the seals was 
observed through TV cameras and the 
hydrodynamic force acting on the 
seals was measured through strain 
gauges installed on the seal frame. 
The   external   force   acting   on   the   seals 



was not very strong because it was 
mitigated by the flexible action of 
seal. After the endurance of seal was 
investigated with several types of 
different materials, the urethane and 
the rubber were recognized as 
advantageous. 
(6)   Control   system 

After the performance of the 
individual functions of the ride 
control system had been examined, 
the effectiveness of the total system 
was investigated for various sea 
conditions. As a result, the adequacy 
of its design method was confirmed. 
Owing to the ride control system, the 
reduction   of   roll   motion   was   over   30 

4. The next step to the debut of TSL 
Though the sea test 

demonstrated the achievement of 
technological aspects of TSL as a ship, 
there seems to remain further 
problems to be solved before its debut 
as the means of ocean going 
transportation. The government 
decided to request further steps which 
are considered indispensable for 
realization of the new sea 
transportation    system. 

Thus the experimental voyage 
was decided to be carried out in 1995. 
In the experiment, the model ship 
"Hisho" is adopted as a test ship 
considering its ability in speed and 
cargo capacity. The test ship is 
scheduled to run all around Japan 
from Kyushu to Hokkaido taking her 
route in the Pacific Ocean and in the 
Japan Sea from July to November this 
year. Among many tasks expected, the 
priority   lies   in   the   following   items; 
(1) Safety   navigation 

The functional requirements 
for navigation assisting apparatus are 
investigated and the existing traffic 
regulations are reconsidered. The 
experimental voyages are scheduled to 
be conducted with various kinds of 
navigation apparatus on board and 
under such conditions as cruising at 
high speed and in long range and 
crossing congested areas and running 
at   night. 
(2) Improvement   of   infra-structures 

What kind of measures should 
be    implemented   to    support   the   fast 

cargo transportation system as a 
sequence of door-to-door service? The 
newly developed high-speed loading 
systems are tested at some harbors and 
model cargoes packed in 20 feet 
container are transferred to truck or 
from    truck. 
(3) Data acquisition concerning 
commercial    shipping 

Information about the fuel 
consumption rate and the voyage 
canceling rate owing to rough 
weather   are   accumulated. 

5.   Conclusion 
As introduced in the previous 

conference, the fundamental 
technologies for designing and 
constructing TSL had been completed 
at the first stage of the project. This 
paper introduced that those 
technologies had been validated at the 
sea tests in 1994 FY and the next step 
to bring the project close to reality is 
under way this year . After all these 
steps have been completed, TSL will be 
ready to make her debut as an ocean 
going   high-speed   cargo   vessel. 

The performance of TSL will be 
able to provide approximately half- 
day cargo service between 
metropolitan Tokyo and Hokkaido, 
Japan's northernmost areas, and 
Kyushu, the southernmost. Her debut 
is expected especially by the local 
communities that have been 
segregated from urban districts. 
Moreover, her superior performance 
may well be applicable to an 
international liner connecting Japan 
and    neighboring    countries. 
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1.    INTRODUCTION 

The coastal transportation plays an 

important role in our life. In spite of the 

importance, the mates for the coastal ships 

are reducing constantly. The average age of 

coastal ship mates is also rasing in Japan. 

Within ten years, the reduction of coastal 

ship mates will become a serious problem for 

safety and steady transportation. 

To deal with this problem, a project for 

developing an advanced modernized ship has 

been conducted by Ship Research Institute 

and Japan Coastal Tanker Association for 

three years. The advanced ship has following 

aims. 

•     Laborsaving in daily works with human 

friendly support systems. 

»• Establishing the safety more than that of 

conventional ships. 

• Shifting the daily works, such as 

maintenance and dining, to land-based 

support systems as much as possible. 

• High reliability 

*• Attractive and comfortable working 

environment to young mates 

In this paper, we focus on the human 

friendly support systems and its safety. First, 

we discussed about the safety of man 

machine systems and the evaluation method 

of them. After that we introduce and 

propose an advanced navigation support system 

and an advanced berthing support system. 



2.    HUMAN   FRIENDLY   SUPPORT 

SYSTEM 

Many companies tried to automatize 

the crew works in Japan. But easygoing 

automated systems become not always a safe 

and effective system. On the contrary, they 

sometime lead to the fatal accidents. 

An auto-pilot is a typical example. The 

auto-pilot itself has a quiet good function. It 

has a good course keeping ability. So many 

mates rely on the auto-pilot strongly. Then, 

some mates fall into a doze or start the other 

work during the watch. Finally, the ship runs 

aground or collides with another ship. These 

accidents are caused by the lack of the 

consideration of human characteristics. To 

prevent an accident from happening, we 

have to evaluate the safety of the advanced 

ship and its support systems as a man 

machine system. 

Navigation works usually have been 

divided among a watch group. In the 

advanced ship, however, many watch group 

works are replaced by automatic systems. 

Then the work of mates changes from doing 

separate work such as a quartermaster to 

watching the total automatic systems. In 

these systems, the operator and the ship 

should check out their states and soundness 

each other through a man machine interface 

(MMI). If necessary, they should warn and 

correct their error. It is consequently 

important   for   keeping   the   safety   of 

navigation that the operator and the ship 

should make a good partnership between 

them with the human friendly MMI. 

Therefore, we developed support systems 

laying stress on the MMI. 

When we design and evaluate an MMI, 

we should consider characteristics of the 

human operators and the target machine. 

Generally, human operators are good at 

understanding the situation, decision making, 

action planning, and making orders. Their 

reliability, however, goes down with a heavy 

stress and a long period of stress. On the 

other hand, machines are good at information 

gathering, data processing and following 

well-defined procedures. But, machines 

cannot make any high level decisions and any 

plans. From the results, we require the 

following requirements to support systems 

including MMI. 

»• The support system mainly does well- 

defined procedures, such as route 

tracking control for the ship, to make 

some margin for the operator. 

»• The support system should display 

present and future states of the system 

to the operator understandably. 

* The support system should notify 

abnormal states or troubles of the 

system to the operator and should 

prepare the countermeasures for these 

troubles. 



- The support system should detect and 

warn obvious human errors and should 

correct the errors. 

The safety assessment of the support 

systems is also carried out by checking these 

requirements. But it is impossible that we 

check the safety in every condition. First, 

supposed dangers are defined in the safety 

assessment. Then the safety assessment is 

carried out based on the safety model that 

describes the supposed dangers and its 

countermeasures.  The model and safety 

indexes are defined by asking the subjective 

opinion about the safety from experienced 

mates and simulator experiments. From the 

results   of  questionnaire   and   simulator 

experiments, the model of the safety is made. 

Finally, we confirm the efficiency of the safety 

model through simulator experiments and 

actual operations. 

Navigation 
Control 
Station 

• •• Sensors 

Console Displays 
With Touch 

Sensor 
Actuators 

Verbal 
Communication 

Station 

Fig. 1 The block diagram of 

navigation support system 

3.     ADVANCED NAVIGATION 

SUPPORT SYSTEM 

An advanced navigation support 

system developed aiming at labor saving and 

reducing operator's workload. This support 

system was developed laying emphasis on the 

easy operation and enough efficiency for 

navigation safety. Fig. 1 shows the block 

diagram of the support system. This support 

system has following function. As a 

characteristic equipment, a verbal 

communication system and a touch screen 

pointing display are equipped in it. 

Through the questionnaire and simulator 

experiments, we found that continuous watch 

keeping of a operator is essential for marine 

safety, especially sailing a ship in a narrow 

waterway or a congested sea area. Even if 

a useful information would be provided by 

the support system, a human operator could 

not spare enough time to find out the 

information. The verbal I/O system and the 

touch screen pointing display enable easy and 

intuitive access to the useful information 

without stopping visual watch keeping. 

Fig. 2 shows the sample display of this 

support system. This display is actually very 

simple. However, it contains all necessary 

information in it. As mentioned above, Too 

much information makes difficult to get 

necessary information. The layout of the 

display is also defined through the simulator 

experiments. 
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Fig.2 A sample display of navigation support system 

The main functions of this system is 

following. 

• Route Planning 

• Auto pilot 

• Route tracking 

• Automatic speed control 

*•     Collision and stranding avoidance 

• Verbal communication 

In this system, well-defined works such 

as route planning, course keeping and route 

tracking, are executed automatically. With the 

automation, the operator get enough time for 

decision making. In case of danger situation, 

this system shows the countermeasures for 

helping the operator. 

4.    JOYSTICK MANEUVERING 

CONTROL        SYSTEM        FOR 

ADVANCED TANKER 

Thejoystick maneuvering control system 

developed for coastal tankers, which needs 

to be modernized and laborsaving, can make 

the maneuvering of the vessel easier and 

safer by controlling minimum actuators, 

those are a bow thruster, a main propulsion 

propeller (Controllable Pitch Propeller) and 

a schilling rudder, with one joystick lever and 

one rotating dial. 

The system consists of one set of master 

controller and three sets of operation 

controller with one joystick and one dial. 



which are installed in the center and both 

wings of the bridge. Fig 3 is an outline of the 

system. 

The system has the following features 

and functions. 

- Control ofthe ship's moving direction 

by joystick operation. 

• Automatic head keeping control. 

>• Feed forward compensation for 

external force, such as wind: 

>• Optimum allocation ofthe actuator's 

thrust even if electric power is 

insufficient. 

• Forecast ofthe ship future position 

according to joystick operation. 

(Output data to Integrated 

Navigation System) 

• Capability of upgrade for Dynamic 

Positioning System (Automatic 

positioning and automatic path 

tracking control) 

The personal computer based 

maneuvering simulation system is prepared for 

familiarizing operators with the joystick 

control system. This simulation system has 

the reliable mathematical maneuverino model 

for the target ship ofthe control system. This 

system consequently expresses the influences 

of the environmental forces, such as wind, 

wave and current. This system has the 

graphic display for showing the bird's eye 

view of the simulation results. Fig. 4 is a 

sample result of berthing simulation. 
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Fig. 3 Components of Joystick Controller 



Fig. 4 A sample of simulation result 

5.     CLOSING REMARKS 

The support systems are designed 

laying stress on human friendly and safety 

operation. 

Through the simulator experiments, a 

continuous watch keeping is essential for 

navigation safety in a narrow waterway and 

a congested sea area. Verbal communication 

and touch screen display give an eye free 

support for navigation that enables a 

continuous watch keeping. 

We found the joystick controller which 

is suit for human sense is also effective for 

safety in berthing situation through simulations. 

However the support systems are 

effective only in normal conditions and, in 

emergency, conventional ship handling 

devices should be overridden alternatively. 

The first advanced coastal tanker and 

its navigation support systems will be released 

in January 1996. We are planning to confirm 

efficiency and safety of the system. 
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1. INTRODUCTION 
Diversification of society and demands for 
marine transportation enable various kinds of 
high speed marine vessels to be developed. In 
Japan the demand stems from a necessity for 
improvement of the domestic transportation 
system. The Techno-Superliner (TSL) is 
expected to take the role of a commercial 
cargo transport service to the metropolitan 
area in place of road vehicles. A WIG concept 
enables use of a faster ship than the TSL or 
any other conventional high speed 
ship.I1,2,3] 
Wing-in-Surface Effect Ships (WISES) based 
on the same concept, which are sustained by 
the dynamic lift acting on aerofoils and runs 
above the sea surface, are considered as 
candidates for a super high speed vehicle for 
commuter use in the future.[4] The safety 
and the economy of WISES should be 
compatible for marine transportation. WISES 
is a hybrid of a ship and an airplane and 
possess the properties and nature of both, 
and it is a new and entirely different type of 
ship running at extremely high speed. 
Therefore a thorough safety assessment 
based on a rational method is required. Wave 
disturbances and wave impact loads are quite 
important for the safety of the WISES. It is 
known that ground effect/surface effect on a 
wing induces longitudinal instability. So 
proper understanding of the motion 
characteristics and suitable design of a 
control system for WISES are key aspects of 
safety. 
A research project on WISES is being carried 
out in the Ship Research Institute. The 
objective of the project is to perform a 
feasibility study on WISES for commercial use 
, to study on characteristics of WISES, to 
establish a foundation for the safety 
regulations of WISES, and to make a 
preparation of concrete tools and data basis 
for the safety assessment.[5] 

2. FUNDAMENTAL STUDIES OF SURFACE 
EFFECT ON WING AND WISES 

In the vicinity of a boundary surface, the lift 
on an aerofoil increases dramatically because 
of the so-called ground effect/surface effect. 
Better transport efficiency than the airplane is 
expected for a vehicle running near the 
surface. Fundamental experiments for the 
surface effects on wing and WISES were 
performed in a towing tank and a wind 
tunnel. They were measurements of 
aerodynamic forces and moments, pressure 
distribution, water surface deformation 
etc..[51 Theoretical calculation of flow field 
around a wing-in-surface effect offers further 
information on the flow field and the 
aerodynamic mechanism of the ground/ 
surface effect on the wing, or ram effect. 
Fig.1 shows examples of typical pressure 
distribution on the wing surface in the 
surface effects obtained by the theoretical 
calculation.(5,6] The change of the pressure 
distribution due to the height variation shows 
the mechanism of the lift increase called ram 
effect; a reduction of air flow velocity and an 
increase of the pressure on the lower surface 
of the wing which induces a increase of a lift 
force. 
Aerodynamic characteristics of a Lippisch 
type WISES model are shown in Fig. 2 as the 

Plate 1, Free Running Model Test in a Basin 



examples. Forced oscillation tests were 
performed to measure the stability derivatives 
in the equations of motions. Theoretical 
estimation method is applied to the prediction 
of some of the WISES derivatives. Free 
running tests of radio controlled models were 
also carried out in a model basin. (Plate 1) 

3. CONCEPTUAL DESIGN OF WISES 
Here results of a study on the design 
methods of WISES and an example of a 
WISES design are shown. The example is for 
an island route which carries 100 passengers 
at a speed of about 180 knots.[7,8] 

3.1 Design and CAD System for WISES 

Though WISES is categorized as a high speed 
ship and shares marine operating procedures 
with ships, it will be designed properly by 
means of airplane design methods. Estimation 
of weights and stability are essential for the 
WISES design. Because of high lift due to the 
surface effect, a high aspect-ratio main wing 
is not necessarily required for WISES to attain 
sufficient lift. So there is more degree of 
freedom in the structure and total design of 
WISES than that for airplanes. At the same 
time WISES should overcome the instability 
of longitudinal motion. 
Pressurization of the cabin and landing gear 
are not necessary for WISES. A considerable 
amount of fuel is saved by not having to 
climb to high altitudes. On the other hand, a 
parasite drag and extra weight due to the 
reinforced fuselage design are induced for 
hydrodynamic performance and water impact 
forces. Efficiency of jet engines decrease 
when they operate at sea level, and 
treatment is required to prevent the harmful 
effects of salt water spray. Ducted propellers 
could be used due to the improved efficiency 
and reduced noise as well as protection from 
spray. 
While the WISES is floating and sailing on the 
sea surface until take-off, it behaves like 
conventional high speed marine craft and 
seaplanes. The same engine horsepower as 
the seaplane is required to overcome the 
hump in the resistance curve and to attain 
the take-off speed, and the hull strength to 
endure the water impulsive pressure caused 
by landing in water are key points for the 
WISES design. 
A CAD system for WISES will have factors 
similar to those for ships and which are 
common with airplanes because WISES is a 
hybrid of a ship and an airplane. 

In Fig. 3 the process and the design system 
are summarized. Some ready-made tools are 
applied in the CAD system. The main body of 
the CAD program is composed of a system 

-named ISAAC (Interactive-CAD System 
Advanced Aircraft Configuration) for the 
conceptual design of a STOL airplane 
developed in the National Aerospace 
Laboratory. A data base, estimates of the 
aerodynamic characteristics with surface 
effect[9,10], and seaworthiness are added. 

3.2 Conditions for WISES Operation 
For the design and operation of WISES, the 
cruising height is a key factor. Because sea 
conditions near Japan, especially during 
winter time, are quite severe. It is assumed 
that the design conditions of WISES will 
enable a hull clearance in the cruising 
condition for 2m regular waves. A large 
WISES is a solution of the problem of severe 
sea conditions, because the surface effect is 
defined by the relative height. But the other 
problems of engine power, structural design 
and economy should be satisfied. As the 
result of a parametric study for the 
economical efficiency by means of the ISAAC 
Program, the requirements for the designed 
WISES have been obtained. 
Parameters include the numbers of 
passengers, from 20 to 200, and the range of 
operation, from lOOn.m. to lOOOn.m. A 
lighter wing loading factor and smaller wing 
aspect-ratio than ordinary airplane are 
assumed for WISES. 
The results for fuel costs of WISES and a 
conventional airplane under the same 
conditions show that WISES can have 
advantages over an airplane in the shorter 
range. The reason stems mainly from the fuel 
consumption involved in climbing to high 
altitudes. At high altitude low drag and high 
efficiency of jet engines are possible for 
airplanes, therefore longer range operation is 
more suitable for airplanes than for WISES. 
The requirements for the WISES design 
shown in Table 1 were obtained after the 
investigations into the operating conditions of 

Table 1. Requirement for WISES Design 

PURPOSE Passenger Transport 

ROUTE Island Route 

SIZE 100 Passengers 

RANGE 300 n. mill 
MAX. WAVE HEIGHT 2m    ( cruise ) 

3m ( landing ) 

2- 



WISES for a conventional airplane. WISES is 
expected to be applied to passenger transport 
for island routes. 

3.3 Example of Conceptual Design of WISE-S 
Applying the CAD program for WISES, the 
WISES shown in Fig. 4 and Plate 2 with the 
characteristics in Table 2 was designed for 
the above mentioned requirements. 
The main wing is a cambered rectangular 
wing with an aspect ratio of 4 and floats on 
the tips. Floats are effective in obtaining 
stronger surface effects on the wing similar 
to end plates. In front of the cabin there are 
pairs of propellers driven by two turboprop 
engines, which can tilt and enhance the lift 
due to the power augmented ram (PAR) 
effect when the WISES takes off and lands 
on the sea surface. The fuselage has a wide 
body and shallow bottom with dead rise and 
a step to provide better hydraulic 
performance. The aft part of the fuselage 
rises up to avoid wave impacts and spray and 
to reduce the surface effect on the tail. The 
WISES has a relatively large tail in a high 
position compared with conventional airplane 
designs to overcome an instability due to the 
surface effect. 

Table  2    Principal Particulars of 
a WO Passenger WISES 

Range(nm) 300 

Passenger 100 

Body Lengtli(in) 30.1 

Wing Span(in) 21.1 

lleiglit(ni) 84 

Wing Area(mi) 114.0 

Mean Chord Lengtli(in) 5.3 
Aspect Ratio 4 

Tail Wing Area(m7) 45.6 
Turbo-prop Engi(ie{lip) 4762 x 2 

Cruise Altilude(ni) 
in calm sea 3.0 
in rough sea 6.0 

Cruise Speed(knot) 185 

Plate 2. Solid Model of Designed WISES 

4. STUDY OF WISES MOTION 
Here characteristics of WISES motions are 
investigated by means of stability analysis 
and computer simulation.[1 1 ] Only 
longitudinal motions are considered for 
simplicity. Behaviors of WISES with a simple 
feed back control and application of the 
simulation for safety assessment is discussed 
later. 

4.1 Stability of WISES Motion 
Principally almost all the features of WISES 
are related to the nature of the surface effect 
on wings. As seen in Fig. 2 aerodynamic 
forces and moments acting on WISES vary 
according to the cruising height, therefore 
aerodynamic derivatives used as coefficients 
in the equations of motion also depend on the 
cruising height. 
Dynamic    stability    is    evaluated    by    the 
characteristic roots, and it is known that if 
the real part of all of the roots is negative, 
then the system is dynamically stable. 
This stability analysis based on a linear model 
demonstrates principal nature of WISES for 
small  motions.   Stability  of WISES  motion 
with   nonlinear   characteristics,   which   are 
related to not only a local stability but also a 
global   stability,   can   be   examined   by the 
simulation   of   the   nonlinear   model.   Fig.   5 
show typical variations of characteristic root 
loci     of     WISES     for     different     heights 
respectively. The horizontal tail volume and 
the position of the center of the gravity, e.g., 
are parameters of the curves.  As seen in 
these curves, the stability changes with the 
height and too small a tail or too far aft a 
position  of the  center  of the  gravity  will 
induce dynamical instability. 

4.2 WISES Response to the Elevator 
Typical results of the response due to the 
elevator are shown in Figs. 6 — 8. Time 
histories are expressed in the non-dimensional 
form and a non-dimensional time variable t'. 
The WISES changes its motion characteristics 
according to the height. As already seen in 
the location of characteristic roots, the 
damping and natural frequency of the WISES 
response for the height h/c = 0.4 and 1.6 in 
Fig. 6 are also different. The response at h/c 
= 1.6 by the nonlinear model show positive 
damping, though the linear model diverges 
until a crash on the sea. The difference in the 
responses of the nonlinear and linear models 
shows the effects of the nonlinear 
aerodynamic characteristics on the motions, 
which  are due  to  the  surface  effect  and 



produced by relatively large motions. They 
are remarkable in the damping of unstable 
motions. Therefore the unstable range of 
altitude estimated by the linear stability 
analysis is wider than that for the nonlinear 
model. Fig. 7 shows an example of responses 
to sinusoidal elevator movement where 
deformations from the harmonic response 
induced by the nonlinearity due to the surface 
effect are clearly seen. Typical nonlinear 
behaviour of the WISES motion is seen for 
the less stable WISES with a small tail. In Fig. 
8 time histories of impulsive response of 
WISES with a small tail (VTR* = 0.8) are 
shown. Fig. 9 shows example of trajectories 
of the impulsive response in a phase plane. A 
stable limit cycle oscillation and the 
bifurcation from unstable oscillation to 
different equilibrium conditions are also 
obtained. It can be said that the WISES is 
locally unstable but is stable in the global 
sense for these conditions. 

5. APPLICATION TO SAFETY 
ASSESSMENT 

Regulation of the WISES for international 
service is being discussed at the IMO.[12] 
The research scheme in the Ship Research 
Institute aims mainly at the conceptual and 
fundamental studies as a basis of regulation 
and safety assessment. A conceptual study 
on the safety such as the definition of the 
safety of WISES shown in Fig. 10 and 
methodology of the assessment are 
performed.[5] 
Computer simulation is useful for the 
establishment of the safety standard of 
WISES, and the safety assessment of a given 
design according to the standard. Provided 
there exist a well-defined scenario (Fig. 11), 
simulation model, evaluation methodology 
etc., the simulation of WISES behaviour in 
various situations, which are rare or too 
dangerous for the full scale experiments, 
offers plenty of useful information and data 
for safety assessment. Seaworthiness, 
controllability, reliability and robustness of 
WISES system are examined by using indices 
such as maximum and/or standard deviations 
of control error, time lags and the safety 
margins in operation. Therefore the computer 
simulation is an essential part of the tools for 
the safety assessment of WISES together 
with inspections and full scale experiment. 
Simulation examples of realistic WISES 
operation are shown for a 100 passenger 
commuter WISES for island routes designed 
in SRI.[8] Because WISES motion becomes 

unstable in a certain range of altitude, a 
control system to stabilize the WISES is quite 
important in practice for safe navigation. 
Characteristics of WISES with a feed back 

. control are investigated by means of 
simulation for typical situations of WISES in 
operation. 
The height control of WISES is very important 
for both the safety and economy of 
operation. Fig. 12 shows a schematic 
diagram of the operation and control of 
WISES.[11] 
The feed back control system is designed as 
an optimal regulator, and the control units 
work to compensate for the error in the 
WISES position and attitude from the 
reference conditions. An operation of WISES 
is performed with the view of planning the 
route and reference signals to the regulator 
system. 
Operations such as a height change 
maneuver are performed by the alteration of 
the reference signal, and the closed loop 
control system is considered as a pursued 
type regulator/servo system. 
In Fig. 13 responses of WISES to gusts 
during cruise at h/c = 0.4 with a feed back 
control are shown. Simulations for the 
cruising condition at h/c = 0.8, which is a 
cruising height for rough sea condition, are 
also carried out. Though the WISES is less 
stable at h/c = 0.8 than at h/c = 0.4, the 
WISES runs safe and stable by means of a 
simple feed back control at that altitude. 
Influence of waves on WISES motion at h/c 
= 0.8 is not so significant, but rough sea 
often accompanies strong winds. The 
influence of gusts and turbulence is much 
more important than that of waves. The 
results of simulation for an against wind 
condition of mean velocity 10 m/s show that 
the WISES continues cruising, keeping the 
reference altitude and a safe clearance from 
the sea surface by elevator operation and 
adjustment of attitude. Little margin in the 
height or elevator is left. Both of the 
maximum value and standard deviation of the 
vertical acceleration at the center of gravity, 
which can be an index for comfort and sea 
sickness, obtained for the long term 
simulation are 4.0 ~ 4.5 times larger than 
those of h/c = 0.4 and 2 m/s mean wind 
condition. 
Fig. 14 shows another example of WISES 
operation with height change maneuver. 
While a WISES is running in a weak wind 
condition at h/c = 0.4 cruising height, the 
WISES makes an abrupt change of  altitude 

4 



to h/c = 1.6 for example to avoid a small 
high speed craft. After clearing the obstacle 
the WISES returns to the cruising altitude at 
h/c = 0.4 again. A quite steep route is 
referenced to climb up as soon as possible to 
avoid a collision. A quick response and a 
sufficient amount of height change, elevator 
control to climb and trim up and thruster 
control for speed increase are seen in the 
time history. On the other hand for returning, 
a moderate change in the altitude is required 
to obtain a smooth motion and to keep the 
vertical and horizontal accelerations at a 
comfortable level, and to avoid the danger of 
a crash or near-miss with the sea surface; 
therefore only a small movement of the 
elevator is applied. During the motion in a 
wind an adjustment of attitude and attack 
angle, which is essential to keep the speed 
and altitude, is seen in the time history. The 
behaviour of WISES in the operation is shown 
as an animation in Fig. 15, where the vertical 
scale and the trim angle are amplified. 

6. ROLE AND DEVELOPMENT OF WISES 
There are many concepts and ideas of WIG 
and WISES proposed and studied in the past.l 
Fig. 16) In some countries a comprehensive 
feasibility study and fundamental research on 
WIG were performed in the past.[1,131 As 
seen in Figs. 17 & 18 the role and position of 
WISES in the transportation are intermediate 
of airplanes and high speed ships. 
Among small WISES developed for marine 
sport and private/commuter vehicle, tandem 
type and inversed-delta wing type of 
Germany are well known. In Japan history of 
WISES is long and an famous and one of the 

Plate 3. Large Scale WISES Developed in Russia 

oldest experimental craft was made. Except 
a two-seater type, however, no WISES is 
developed in practice.[131 In Russia the 
development of WISES called as 
EKRANOPLAN had been performed and 
several kinds in various sizes were developed. 
Power augmented ram (PAR) effect is applied 
in the Russian WISES especially in the large 
scale one.[2,3] (Plate 3) 

7. CONCLUDING REMARKS 
A proper understanding of the WISES 
characteristics and design philosophy based 
on a correct investigation of the surface 
effects is also important to carry out the 
evaluation of the WISES system and its 
safety assessment. 
Typical features and characteristics of the 
surface effects are seen in the results of the 
measurements in a towing tank and a wind 
tunnel. 
Theoretical calculation of the flow field offers 
useful    knowledge    on    the    aerodynamic 
mechanisms of the surface effects. 
Simulation of WISES motion is essential for 
the estimation of the behavior and possible 
situation in the practical WISES operation. 
Further  studies  on the  mechanism  of the 
surface effect phenomena, characteristics of 
WISES, WISES design method and safety of 
WISES will be required for the development 
of WISES. 
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1. INTRODUCTION 

Safe navigation in restricted waters continues to be a perennial concern for ship owners, 
operators, navigators, and citizens. The Nieuw Amsterdam, a cruise ship which ran aground in 
Southeast Alaska in August 1994; the Royal Majesty, another cruise ship which ran aground 10 
miles east of Nantucket Island in June 1995; and the Regent Star, which caught fire in Prince 
William Sound, Alaska on July 22, 1995 are just a few of the recent incidents which remind us 
of the importance of safe navigation in restricted waters. Clearly, the Braer, the World Prodigy, 
and the Exxon Valdez provide other examples of the importance of safe navigation in close 
waters. Fire, collision, allisions, and groundings can result if vessels navigating in such waters 
stray. 

Much research has been conducted in order to determine the most efficient and effective 
methods for improving the safety of navigation. Decision aids improving the safety of navigation 
and supporting the cognitive skills of piloting-maneuvering, collision avoidance, and the 
practice of good seamanship-are of substantial interest. These decision aids can be standalone 
systems or embedded within an integrated bridge system or electronic chart display and 
information system (ECDIS), and can exhibit the properties of a real-time knowledge based 
control system (Grabowski and Sanbom, 1992; Grabowski and Wallace, 1993). Over the past ten 
years, the United States has been developing intelligent piloting systems to improve the safety 
of navigation. This paper describes the evolution of these piloting aids, their current status, and 
future directions. 



2. THE PILOTING EXPERT SYSTEM FOR NEW YORK HARBOR 

In 1985, the U.S. Department of Transportation, Maritime Administration began a research 
program focused on advanced ship design and operations that resembled in several ways other 
nations' 'Ship of the Future' programs. Under the aegis of that program, Rensselaer Polytechnic 
Institute (RPI) in 1986 began developing an intelligent navigational decision aid - the Piloting 
Expert System (PES) - to provide decision support for pilots and officers on watch aboard large 
vessels in New York harbor. The objective of the project was to determine whether the emerging 
technology of artificial intelligence and expert systems could be used effectively in piloting 
applications. The project was concluded in 1988, and demonstrated that a Piloting Expert System 
could assist in carrying out the piloting task. 

At the time that the PES was built, it was not clear that an intelligent ship's piloting aid could 
be built, or that such a system could offer any advantage to the safety of navigation. The PES, 
which was built in cooperation with the United New York/New Jersey Sandy Hook Pilots 
Association, showed three things: 

• that such a standalone intelligent piloting aid could be built, 
• that piloting heuristics could be identified and represented within an intelligent 

piloting system, and 
• that a standalone system could offer some benefits as a training system. 

The PES architecture was modeled after applications developed under the U.S. Department of 
Defense (DoD)'s Defense Advanced Research Projects Agency (DARPA) Strategic Computing 
Program (SCP). The SCP had as its goal the development of basic research, architectures, 
technology, and applications for advanced intelligent reasoning systems. The PES architecture 
was modeled after the reasoning architecture used for the DARPA Pilot's Associate program, an 
aircraft-based cooperating intelligent systems research and development program. Such an 
architecture proved a robust development platform, and continues to provide the basis for some 
of the intelligent piloting systems work done currently. 

3. THE SHIPBOARD PILOTING EXPERT SYSTEM 
FOR PRINCE WILLIAM SOUND, ALASKA 

In 1989, following the Exxon Valdez oil spill, RPI began the development of a Shipboard Piloting 
Expert System (SPES) for U.S. tankers transiting Prince William Sound, Alaska, with funding 
provided by the U.S. Department of Transportation (Maritime Administration and the U.S. Coast 
Guard), and cost-sharing by Exxon Shipping Company, Sperry Marine, Inc., the National 
Oceanographic and Atmospheric Administration, and the Southwest Alaska Pilots Association. 
The SPES project transitioned the standalone New York City PES to an operational shipboard 
environment and developed a software application program for navigating in Prince William 
Sound, Alaska. The result was an intelligent software module, embedded within the Sperry 
Marine, Inc., ExxBridge integrated bridge system for Exxon Shipping Company tankers in the 
trans Alaskan pipeline (TAPS) trade. The Valdez SPES was installed and operated on the 
SeaRiver Benicia (which runs between the U.S. West Coast and Valdez, Alaska) for three years. 



between 1992 and 1995. A two-year operational evaluation of the system has just been completed 
(August 1995). 

The SPES is an embedded software module in the ExxBridge integrated bridge system developed 
by Sperry Marine, Inc., for Exxon Shipping Company (Denham, 1993). The SPES communicates 
with the ExxBridge via the SEANET shipboard local area network (LAN), the backbone of the 
ExxBridge integrated bridge system. Real-time SEANET information flows into the SPES, is 
processed by the SPES software, and SPES output is forwarded to the ExxBridge display consoles 
via the SEANET. The SPES reasons about the data available to it from the SEANET, determines 
the implications of the data, and provides vessel and bridge management recommendations to 
the bridge watch team. 

The SPES software was built in Common Lisp, KEE (Intellicorp's Knowledge Engineering 
Environment, an expert system shell), and Common Windows, running atop the Unix operating 
system on Sun workstations. This software core interacts with three applications: (1) a set of 
interface routines which permit communication between the SPES and the Sperry Vessel 
Management System (VMS); (2) a set of electronic charts, providing a real-time plan view of the 
vessel's position in the waterway; and (3) the SPES. 

SPES output displayed includes alarms of potential collision and grounding situations; on-line 
voyage plan data, including wheel over points, voyage plan waypoints, local aids to navigation, 
and parallel index points; and recommended alterations to voyage plans to avoid potential 
collisions or groundings. In the ExxBridge plus SPES implementation, collision and grounding 
alarms are presented as text and chart graphics. ExxBridge voyage plans are displayed 
graphically, and on-line voyage plan details are provided as both text and chart graphics. SPES- 
recommended alterations to the voyage plan in response to alarm or alert conditions are 
presented as both text and chart graphics. 

SPES alerts and alarms are the system's primary output. Alerts are defined as information and 
recommendations warning of incidents, objects, target, or situations of potential concern (i.e., an 
approaching vessel with a closest point of approach (CPA) of less than 2 miles who is 8 miles 
away). Alarms are defined as more serious warnings of incidents, objects, targets, or situations 
which are of immediate and grave concern (i.e., an approaching vessel with a CPA of less than 
1 mile, in fog; risk of grounding or collision with an object 5 miles away, etc.). Advisories are also 
generated by the SPES, and are separated into the following four categories: 

1) Current Track - information and recommendations about current position and related 
local piloting knowledge, 

2) Underway Conditions - information and recommendations related to the current 
function of the ship (i.e., docking, participation in a traffic separation scheme) and 
its required/recommended VTS contacts, 

3) Next Track - information and recommendations about the vessels next track, including 
future transit points, based on the current situation, and 

4) Weather/Visibility/VTS Contacts - information and recommendations about current 
weather and visibility restrictions. 



ExxBridge voyage plans, which were developed for the ExxBridge by Exxon ship masters, are 
a primary source of information to the SPES. They indicate the desired vessel track and desired 
rate of advance over the set of voyage legs planned for a particular harbor transit. SPES treats 
the ExxBridge voyage plan as the basis for recommended plan alterations. Voyage plan 
alterations can originate from SPES-generated recommendations or by manual entry by the 
ExxBridge user. Ultimately, the ExxBridge user enters and executes a particular voyage plan 
alteration via the operator interface at the ExxBridge displays. The SPES is notified whenever 
the operator elects to execute a voyage plan alteration via real-time SEANET messages. 

SPES-generated voyage plan alterations are transmitted as recommendations to the ExxBridge 
user. When the SPES recommends a voyage plan alteration, the user may either accept it, reject 
it, or modify it and then accept it; thus, acting upon a SPES recommendation is similar to the 
process required to manually generate voyage plan alterations with the ExxBridge. The SPES 
is always notified (via SEANET) when a plan alteration has been instituted by the ExxBridge 
operator. This approach covers operator acceptance of a SPES plan alteration, a plan alteration 
developed manually by the operator, or a plan alteration recommended by SPES and manually 
modified by the operator. 

4. PILOTING EXPERT SYSTEM FOR THE ST. LAWRENCE SEAWAY 

The New York City and Valdez SPES systems were both developed with artificial intelligence 
software and programs, which provided robust reasoning functionality and versatility, but which 
limited the applicability and portability of the SPES to other computing and navigational 
equipment platforms. Recently, interest has been expressed in porting the Valdez SPES 
application to a microcomputer-based hardware platform, and to provide decision support to 
masters and mates piloting on the St. Lawrence Seaway. In 1994, RPI was awarded an Oil 
Pollution Act of 1990 (OPA-90) Oil Pollution Research Grant from the Volpe National 
Transportation Systems Center; under the grant sponsorship, a PC-based SPES prototype for the 
St. Lawrence Seaway is being designed and developed. Under the 1994-1995 Volpe grant, a set 
of St. Lawrence Seaway functional requirements was defined, a design developed, and a portion 
of the design implemented. 

One objective of the project is to port the Valdez Shipboard Piloting Expert System (SPES) to a 
computer hardware and software environment more suitable for integration with microproces- 
sor-based shipboard electronic chart display and information systems (ECDIS) and integrated 
bridge systems. Thus, commercial off-the-shelf software development tools were utilized on this 
project (C, C++, Unix, Windows, etc.), and the functionality of the ported software will be 
demonstrated by using a scenario developed in cooperation with the U.S. and Canadian St. 
Lawrence Seaway authorities, as well as the U.S. and Canadian Seaway pilots. 

Another objective of this project is to explore the contribution to the safety of navigation 
provided by an intelligent decision aid resident aboard ship as well as in a vessel traffic service 
(VTS) system. In future work, the development of a joint shipboard-VTS intelligent piloting 
system is planned. The St. Lawrence Seaway Development Corporation (U.S.), the St. Lawrence 
Seaway Authority (Canadian), Canadian Steamship Lines, as well as the Seaway pilot 
associations in the U.S. and Canada are important contributors to this future work. 



5. SMARTBRIDGE NAVIGATION AND PILOTING SYSTEM 

A new project, begun in August 1995 and entitled the SmartBridge, is. funded by the U.S. 
Department of Defense (DoD)'s Advanced Research Projects Agency (ARPA) Maritech program, 
and provides a current base for the U.S. intelligent ship's piloting program. This two year 
program, which is led by a Lockheed Martin consortium which includes RPI, Chevron Shipping, 
and NOAA, has as its goal the development of an intelligent integrated ship's bridge which 
incorporates both sophisticated sensor fusion and real time knowledge- and data-based 
management capabilities, as well as leverages significant combat and sensor system advances 
in the maritime domain. On this program, RPI is responsible for developing the Navigation and 
Piloting System (NPES) for a new piloting area, San Francisco Bay. 

In order to integrate the NPES with the Lockheed Martin SmartBridge, four key challenges are 
important: 

• implementing the NPES so that shared SmartBridge chart and voyage plan 
information forms the basis for the relevant NPES Shared Knowledgebases (SKBs); 

• enabling the NPES to obtain and process information from the SmartBridge in 
real-time; 

• enabling NPES results to be passed back to the SmartBridge and shown on the 
SmartBridge displays in real-time; and 

• enabling the SmartBridge and NPES to exchange voyage planning information in 
real-time. 

The general approach proposed to develop the NPES is a combination of top-down requirements 
definition and system design (leveraging the New York harbor, Valdez and St. Lawrence Seaway 
system designs), coupled with a bottom-up iterative prototyping of selected hardware and 
software modules. This approach carries the system from requirements definition through 
design, development, implementation, and test, with well-defined milestones. 

6. LESSONS LEARNED 

Our experience in developing, deploying and evaluating ship's piloting expert systems tells us 
several things: 

• first, few intelligent piloting systems have been developed which provide expert 
decision support for all types of piloting knowledge: trackkeeping, maneuvering 
and collision avoidance, and the "practice of good seamanship" (Grabowski and 
Wallace, 1993), 

• substantial advances in reasoning, reliability and decision enhancement can be 
produced by integrating shipboard navigation systems (including piloting expert 
systems) with vessel traffic services (VTS) and real-time environmental port data 



(i-e., the PORTS and/or VIPS systems) (National Research Council, 1994; 
Grabowski and Sanbom, 1995), and 

• a tremendous amount of work in shipboard interface and integration for 
integrated navigation systems remains to be done (Grabowski and Sanbom, 1995). 

The two year operational evaluation of the Valdez SPES also provided some interesting insights 
about use of intelligent piloting systems. First, frequency of SPES use varied with different crews 
aboard the same vessel. Some crews were observed to be using the system constantly, as a 
integral part of the ship's electronic navigation complement; other crews used the system, but 
less frequently. Second, system use appeared to be correlated with master attitude toward the 
system: if the captain was highly enthusiastic about the SPES and explored its capabilities in a 
highly visible manner, crews were more likely to frequently use the SPES. On the other hand, 
if the ship's captain was moderately enthusiastic about the system, and less obvious in his 
exploration of system capabilities, the ship's crew was observed to use the SPES less often than 
other crews. 

Not surprisingly, the SPES provided little support for near-dock evolutions. Little docking and 
undocking information had been codified in the SPES, and for those evolutions, masters, mates 
and pilots were unlikely to refer to electronic display information for advice, preferring instead 
to rely on visual information. 

Overall, the SPES was used more frequently than expected: it was anticipated that navigation 
officers and masters would refer to the SPES occasionally for piloting advice. However, all crews 
referred to the SPES often, and pilots were also observed using the system's information and 
checking its recommendations. All members of the navigation watch team were observed during 
transits conferring about the system's reasoning and recommendations, and were generally 
complimentary about the system's capabilities. 

6.1 System Usability 

The SPES operational evaluation also provided some interesting insights with respect to such 
systems' usability: : how was the system used, and which features of the system were found to 
be most useful? 

The SPES features provide information on the current track; next track; waypoints, visibility, 
weather and VTS information; as well as maneuvering, collision avoidance and "good 
seamanship" reasoning and recommendations. During the operational evaluation, it was found 
that masters and pilots were more often seen to be conferring about the system's reasoning and 
recommendations than they were discussing the current track/next track information provided. 
In contrast, navigation officers (third and second mates), who were less familiar with the current 
and next track information and with the transit, were often observed to refer to the current/next 
track and weather/visibility/VTS information. Thus, it was observed that captains and pilots were 
using different (higher cognitive order) SPES information than were the navigation officers on 
watch. 



Differences in feature complexity and use observed during the operational evaluation provided 
interesting insights into SPES usability. For instance, SPES provides simple navigational and 
piloting features such as electronic checklists, electronic text versions of preplanned voyage 
plans, and simple collision avoidance capabilities. SPES also provides more complex features 
including graphical and heuristic reasoning and recommendations about voyage plans, complex 
collision avoidance and maneuvering reasoning, and the inclusion of heuristic reasoning about 
"good seamanship" practices and local knowledge in the port of Valdez. Navigation officers 
(third and second mates) were more often observed accessing the simple SPES features, while 
masters and pilots were more often seen to be conferring about and discussing the more complex 
SPES features. Thus, not only were differences in information accessed noted, but the nature of 
the access (retrieval (navigation officers) vs. retrieval, review, and discussion (masters, pilots)) 
were also noted. 

Neither group was observed to be reluctant to utilize the system's capabilities, to access the 
reasoning and recommendations provided by the system, or to consider the system's information 
in effecting a safe voyage plan. Thus, the operational evaluation observations provided anecdotal 
validation of the system's usefulness to the different members of the ship's navigation team and 
the pilot. 

6.2 System Responsiveness 

Another issue of interest during the SPES operational evaluation was the adequacy of the SPES' 
reasoning and recommendation cycles, which varied between 15-24 seconds. Further, questions 
about whether the system's LISP garbage collection would impede system reasoning were also 
of interest. Major findings regarding system responsiveness included: 

• SPES 15-24 second response time was found to be more than adequate (in many 
cases, faster than required); 

• garbage collection was not an impediment to system reasoning; and 

• the Sun workstation provided a sufficient platform for required SPES reasoning 
and processing. The Sun was found to provide reliable, robust processing support 
without any additional environmental safeguards (i.e., without "shake and bake" 
protections or tests). 

Thus, two primary design issues (system responsiveness and adequacy of the Sun workstation 
processing platform) were examined during the shipboard observation and evaluation period, 
and the solutions chosen during design were found to be more than adequate. 

7. NEXT STEPS 

Two perspectives are important in an exploration of next steps for intelligent piloting systems: 



• First, full commercial availability of an intelligent piloting system presumes the presence 
of a host integrated bridge system or an ECDIS, and 

• Second, intelligent piloting systems are best considered as value-added enhancements to 
an integrated bridge or an ECDIS, rather than standalone systems. 

Standalone deployment of intelligent piloting systems is not particularly desirable, since such 
systems' primary benefit is their ability to reason about the vast array of electronic and heuristic 
piloting knowledge currently available aboard the bridges of ships, which is not currently 
integrated. Since that information exists in disparate places aboard the bridge and is resident in 
several "black boxes" on the bridge, it is difficult to assimilate. Thus, providing another "black 
box" aboard the bridge which contains an intelligent piloting system defeats the purpose of the 
system (i.e., cognitive integration of the vast array of piloting and navigation information, thus 
reducing information overload), as well as the motivation behind well-designed integrated bridge 
systems and ECDIS. 

Formal assessments of this new technology, both shipboard- and simulator-based, are important 
in order to provide an empirical assessment of these systems' usefulness and contribution to safe 
shipboard navigation and piloting. Technology and operational assessments have been important 
parts of each of the piloting expert system development efforts, and will continue to important 
components of future work. These assessments are similar to those being conducted by the 
Japanese intelligent ship project (Kasai, et al., 1991). 

A number of benefits could easily be realized from these intelligent piloting systems. The 
integration of data and planning, long a goal in complex decision-making domains, might lead 
to the reduction of "competent errors"-errors committed by trained and competent crew 
members operating in an error-inducing systems (Perrow, 1984; Grabowski and Roberts, 1996). 
Clearly, enhanced vessel safety and ship/shore team performance enhancements might be 
additional benefits from integrated ship-shore systems, where both shipboard crews and shore- 
based VTS personnel not only worked from identical displays, but utilized common intelligent 
decision aids. Such commonality might enhance the development of common shared "mental 
models" of safety on the waterways-in the minds of mariners, and in the minds of those who 
observe and regulate them. 

Earlier "ship of the future projects" achieved interesting results, but have not led to "leap ahead" 
advances in U.S. merchant vessel operations, performance, and environmental liability reduction. 
Several earlier "ship of the future" projects successfully demonstrated single technologies, 
concepts, or prototypes. However, "leap ahead" capabilities for next generation merchant vessels 
require the integration of diverse technologies and knowledge bases in order to transform the 
operation of an enterprise—in this case, shipboard operations and organizations. Only the 
integration of diverse technologies, knowledge bases, equipment, and organizations can offer 
merchant vessel operations, maintenance, and management activities the horsepower needed to 
succeed in our extraordinarily competitive commercial maritime environment. Standalone black 
boxes are clearly of limited value. 
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The Integrated Shipboard Information Technology (ISIT) Platform 

Introduction 

This paper reviews the current needs in the maritime industry for shipboard information 
technology due to new international regulations, pollution liability, and need to stay 
competitive. It will review the present state of information technology and data 
communications for the maritime industry, and discuss the technology necessary to meets the 
needs of ship owners, operators and the industry in general. 

The solution to these maritime information technology problems is the Integrated Shipboard 
Information Technology (ISIT) platform, and a team is now working to develop that platform. 
There is wide support from industry through both the development team and an Industry 
Advisory Board, as well as an ASTM F25 committee working with ISO TC8 on international 
standards. From this paper, you should get an understanding of the design objectives and 
actual implementation of the ISIT platform. 

Changes in the Maritime Industry 

Over the past two decades, ship crew sizes have dropped dramatically - in the range of 60 or 
70 percent for large ocean going ships. At the same time, ship sizes have increased 
dramatically - as much as tenfold. As ship sizes have grown, use of technology has also 
grown dramatically and so the operation of those ships has gotten more complex for the 
smaller and smaller crews. 

As a result of the Exxon Valdez and other pollution incidents, there has recently been 
dramatic changes in the regulatory environment. Both the IMO SOLAS and MARPOL 
regulations, including ISM, will require more inspections and verification as well as shipboard 
plans that can be monitored and audited. Although the regulations are silent on 
implementation, it will be nearly impossible to effectively comply using traditional paper 
methods, and computerized document storage, distribution and updating capabilities will be 
required. The ISM and ISO 9000 Certification require a much higher level of document control 
as well as process certification. In addition to the need to use technology to cost effectively 
comply, these regulatory changes now add up to the fact that management now has clearly 
defined legal responsibilities for ships at sea. 

Ship operations in general have changed to reflect the increased globalization and competition 
of other industries. Ship operators now focus management attention on productivity, and 
minimizing down-time. Typical port turnaround time is now in term of hours, down from days 
not long ago. Ships today operate as remote "offices" of the shore facilities, with regular 
reporting of operations, purchasing, and other "paperwork" flowing between ship and shore. 
This trend toward more extensive and frequent communication and sharing of information will 
continue to increase. 



In order to meet the ISM code, to be certified as ISO 9000 compliant, and simply efficiently 
manage today's ships, there is a tremendous need for information. Information that in many 
cases, is needed both shipboard and ashore. Some of the data, such as standard safety 
procedures, is created shoreside and must be distributed to the fleet. In other cases, such as 
machinery operations, data is generated shipside, and is needed by management ashore. 
Although there are significant amounts of key information in the navigation, machinery, and 
cargo control systems, that data is not currently accessible from outside those independent 
systems. These systems represent "islands of information", since the data is there, 
management just can't get to it readily or easily. 

Information Technology Requirements 

The technology today: limited ship to shore communications, limited availability of shipboard 
data from shore, and no standards for collecting and sharing data, will simply not meet 
industry requirements in the future. There will need to be a much tighter coupling of ship and 
shore to meet the distributed data requirements in the future. 

In order to integrate the shipboard and shoreside information, two key things are needed. 
First, all the data on the ship must be consolidated in a single place - to connect those 
"islands of information". In addition we need to provide a common place for all shipboard 
applications to run, with a common user interface, and with an open architecture to provide fo^ 
tomorrow's applications that don't yet exist. Once all the shipboard systems and data have 
been integrated, that data must be easily and reliably shared with shore based management. 
That requires computer to computer links via satellite to share information digitally. Most 
importantly, this communication needs to be done cost effectively, by taking advantage of the 
increased competition in the satellite services marketplace. 

The cost effective and reliable integration of all shipboard systems, and integration of ship with 
shore are the design objectives of the ISIT platform. 

Standards 

Standards are key to the successful implementation of a project like ISIT. The design 
objective of open architecture, to allow support of today's varied applications as well as 
tomorrow's, requires standards for these applications to interface with the platform and with 
each other. Standards will need to be developed for the software operating environment, the 
format for linking the various shipboard control systems, the format of the centralized data 
repository, the user interface to the data, the satellite interface (at both the ship and shore 
ends), and the linkages to land-based telephone networks. Standards for each of these areas 
need to be identified if existing, or established, to effectively meet the design goals of the 
platform. 

The international standards process starts at the national level, where proposed standards ardJP 
drafted and passed along to the international organization. In the U.S., ANSI is the official 
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national standards body, although ASTM is where many standards are actually created. The 
ASTM has a committee called F25 - Ships and Marine Technology. Within F25 are 
subcommittees for ship structures, piping, electrical, and this topic: Computer Applications. 
The ASTM has recognized the need to address the "integration" issue, and in February of this 
year, created a new section called "Shipboard Data Management and Communications". This 
group, Chaired by this author, is tasked with developing the industry consensus standards in 
this area. This ASTM committee is open to participation by the international maritime industry. 

Within ISO, there is an organization which closely parallels the U.S. structure: A committee on 
Ships and Marine technology, called Technical Committee 8 (TC8), along with a subcommittee 
on Computer Applications. In addition to the ISIT development team leading the ASTM 
section on Shipboard Data Management and Communications, the ISIT team has developed 
strong working relationships at the ISO TC8 level, and there is consensus that the ASTM- 
developed standards in this area will form the basis of the ISO standards as well. 

In order for consensus standards to come to life, there should be a testbed environment to 
prove the standards. The testbed project needs to be have clear achievable goals, for which 
industry has voiced a need. The platform should also be viable long term as a commercial 
product in order to get the industry support. Given those criteria, ISIT is an ideal testbed 
platform for the types of consensus standards needed to address today's maritime information 
technology issues. 

The ISIT Team 

Once requirements for this Integrated Shipboard Information Technology (ISIT) platform have 
been defined, we need to decide how to go about developing the platform, with the overriding 
objective that it meet current and future industry requirements. To do that, a contribution from 
a number of organizations is key to success. In order to ensure that industry needs are met, 
there must be participation by owner/operators and shipyards. To ensure an open system, as 
discussed above, ASTM and ISO standards must be developed. To facilitate the installation 
and use of the platform, implementation guidelines from class societies will be needed. 
Participation of naval architects will be needed to design the physical shipboard installation. 
To build the platform itself, expertise is required in shipboard management systems and 
communications software. Satellite service integration skills are key to the communications 
component. The linking of the "islands of information" in the shipboard control systems 
requires the participation of manufacturers of those systems. And lastly, project management 
and integration expertise will be necessary to make sure that all the parts come together and 
work correctly. 

No single one of these areas of expertise can ensure successful development of the ISIT 
platform. Participation from each of these areas, however, is the key to success. 
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DEVELOPMENT TEAM 

Marine Management Systems Inc. 
Ultimateast Communications 
ABS Marine Services 
Radix Systems Inc. 
Sperry Marine Systems inc. 
GE Marine Systems 
M. Rosenblatt & Son, Inc. 

The ISIT 
Team 

INDUSTRY ADVISORY BOARD 

• Stolt Parcel Tankers 
• Chevron Shipping 
• Sea-Land Services 
• Coastal Tankers Inc. 
• Osprey-Acomarit 
• Eletson Corporation 

• Comsat • Ingalls Shipbuilding 
• Orbcom • Bath Iron Works 
•AMSC •NASSCO 
• Iridium • Avondale 
• Data Com • McDemnott 

• Trinity Marine Group 
•Alabama Shipbuilding 

Figure 1. 

The first and most critical contribution is from a group called the Industry Advisory Board. The 
board consist of ship owners and operators, including Stolt Parcel Tankers, Chevron Shipping, 
Eletson and others. In addition, nearly all major U.S. shipyards are members of the Board. 
The satellite industry is also represented with AMCS, INMARSAT (Comsat), Iridium, Mobile 
Datacomm, and OrbCom. The Advisory Board's function is to ensure that ISIT meets industry 
requirements. There has been tremendous enthusiasm among the advisory board members, 
with virtually all of them volunteering ships or satellite services as part of the testing process. 
The exclusive representation of U.S. Shipyard advisors is a function of the fact that funding for 
this project is coming from the U.S. MARITECH organization, under their program to revitalize 
American shipyards. This will ensure that the U.S. shipyard designs can incorporate the latest 
Information Technology applications. It is also recognized that the success of an IT standard 
platform will also require the participation of the worldwide shipbuilding community, and we are 
actively recruiting additional advisory members from shipyards in Europe and the Far East. 

The ASTM process calls for industry consensus standards, so the ASTM F25.05.05 work 
group has well over a dozen members that include many from the advisory board plus others. 
These committee members will actually create the proposed standards for the ISIT platform. 
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Once a team is in place to define requirements, a team must be assembled to actually build 
the platform. The ISIT development team consists of seven companies, each a leader in their 
field, and each contributing in their area of specialization. Marine Management Systems, a 
leading provider of ship-to-shore communications and shipboard operations management 
software, is the project leader. Ultimateast Data Communications will provide satellite 
communications technologies, including development of a Virtual Earth Station. Radix 
Systems will contribute maritime systems testing, integration, and project management. ABS 
Marine Services, an affiliate of the American Bureau of Shipping, will help develop standards 
and implementation guidelines. General Electric Marine Systems will contribute to the 
development of standard data interfaces to machinery and cargo control systems. Sperry 
Marine will contribute to the development of standard data interfaces to navigation and ship 
control systems. M. Rosenblatt & Son, naval architects and marine engineers, will provide 
shipboard design and installation services, coordinate the shipboard installation, and work to 
develop dual use (commercial and military) applications of the technology. 

ISIT Project Status 

The ISIT advisory board is now in place, the development team have all committed resources, 
and starting last July, development actually began on the ISIT project. The project plan calls 
for a fifteen month development effort and a three month shipboard test to shake down the 
system. As indicated earlier, the ISIT platform project has been chosen for shared expense 
funding under the ARPA/MARITECH program promoting the development and application of 
technology to the maritime industry. 

What is ISIT? 

The concept of ISIT as a platform, and not simply another computer application, can be 
illustrated using a personal computer analogy. Microsoft sells an operating system/user 
interface called Windows. Once Windows is installed on a PC, you can install any of a number 
of word processors, such as Microsoft's own MS Word, or other vendor's products such as 
WordPerfect and others. In addition, you can install any of a number of spreadsheet tools, 
graphics packages, and so on. In this example, Windows represents the platform, and all the 
other software represents applications. The platform provides common services, such as the 
graphical user interface, that are used by all other applications. Windows also provides a 
standard interface to various hardware components, such as printers, display screens, backup 
devices, etc. 

The ISIT platform is designed to have an open architecture, allowing an unlimited number of 
applications to run in that environment. On board a ship, you need a maintenance 
management system, or application, possibly a cargo loading and balancing application, and 
parts requisitioning system, as a few examples. As long as those applications are designed to 
be compatible with the ISIT platform (based on the standards which are being developed as 
part of this project) any number of applications, including those we don't yet envision, will run 
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on the ISIT platform. The common services provided by the ISIT platform include the 
following: 

• a shipboard environment from which all applications can be run 
• linkages to existing independent control systems, to allowing easy access to that 

data for the first time 
• a centralized data repository, which for the first time consolidates all data on the ship 

in one place. 
• a common communications mechanism between ship and shore, to ensure that ail 

shipboard data is available to shore management. This will include interfaces to the 
most common communications terminals. 

All of this must be designed and built to the "industrial strength" standards needed for a ship at 
sea, where local support is virtually non-existent. Again, ISIT is designed to reliably and cost 
effectively integrate the various shipboard systems and data with each other, and with the 
shore. 

One of the main limitations of current shipboard systems is the ease of access by shipboard 
personnel to the "operating system" level of the overall system. While most operating 
companies have established rules for access on board, it is still not foolproof and many 
companies have suffered at one time from unauthorized access. The ISIT platform will have a 
very high level of shipboard system security and stability, with the ability to actually control 
shipboard system configuration management from the shore office (fleet systems IT manager). 

The ISIT Architecture 

Aboard ship today, as we noted, there are typically a number of management computer 
applications, including maintenance management, cargo loading, parts requisitioning. These 
systems typically reside as stand alone, on individual PCs, but are in some cases reside on a 
network. In addition, we have the separate, independent systems for navigation, machinery 
and cargo control that are the "islands of information". 

ISIT first adds a network "backplane", to which all other systems are connected in a 
client/server configuration. The existing management systems will be moved to the platform. 
There are three core "services" provided by the shipboard ISIT platform: 

• a process server, which serves as a centralized location from which shipboard 
computer applications are run, 

• a database system, which is the common repository in which all ship data is stored 
and made available (with appropriate levels of security) 

• a communications system, which handles the ship to shore satellite communications 
tasks. 

Now, interfaces to the shipboard control systems can be added to the base platform, and the 
foundation has been laid for a dramatic change in the availability and accessibility of shipboard 
data. At this point any data, in any shipboard system, is available in a single location. This 
achieves the first ISIT objective of integrating all systems and data on board the ship. 
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Figure 2. 

To achieve the second objective, of integrating the ship with shore, requires satellite services. 
There are significant changes underway in the satellite communications industry, among them 
the expansion of available services and the expansion of service providers beyond 
INMARSAT.   Although digital (as opposed to analog) data transmission is now available, 
there are few standards for those services. That means that earth stations can be unique, and 
although there will soon be many more options available for the marine industry, there will be 
corresponding headaches making them talk to each other and to existing systems. The Virtual 
Earth Station option solves that problem by connecting multiple "real" earth stations and 
provides a common external face to users of the service. It provide redundancy, doesn't tie 
users to any single service provider or earth station, and allows users to "rent" a small part of 
many earth stations. The ability to interface with multiple satellite companies and multiple 
earth stations is one of the keys to providing reliable, cost effective communications between 
ship and shore. 

[Virtual Earth Station diagram here] 
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The Virtual Earth Station is connected on the shore side to the management offices of the 
owner/operator. The ISIT platform at the shore offices will replicate the data stored aboard 
each and every ship in the fleet. The communications component of ISIT is designed to 
continually update data in both directions - updating the shore systems with current operating 
data and communications from the ship, and updating the databases on the fleet as changes 
are made ashore, for example, to distribute updated ISM procedures documentation. 

The ISIT platform can be extended further, however. Once that shipboard data is at the 
management offices, it can be shared and made available in any way the owner/operators 
deem appropriate. For example, maintenance data can be shared with class societies, 
emergency procedures communication can be made with oil spill response units, and vendors 
can be connected for machinery monitoring or ordering of supplies. At this point, we've 
achieved our second objective of integrating ship and shore - any shipboard data is now 
available to shore management. 

This represents what is now in development by the ISIT project team. 

ISIT's Benefits to the Industry 

To recap, the ISIT platform will mean a number of things to operators. It will open up the 
shipboard systems to many vendors through the open architecture software platform. An 
example is the whole area of expert systems diagnostics from various specialists, which will 
facilitate condition-based maintenance. That is, replacing or repairing equipment when really 
necessary instead of at some periodic frequency. This will result in reduced maintenance 
costs, but first, requires access to the ship's operating data. Ship operators will have better 
access to the operating data on all ships, allowing then to better optimize their fleet operations. 
They'll pay lower costs to buy and install an ISIT platform than trying to cobble together some 
custom mix of systems. Lastly, although the ship to shore communication capability will 
dramatically increase, communications costs will decrease. Overall, operations will become 
more efficient and costs will go down. 

Shipyards will be able to offer the right technology solution to owners, and be more 
competitive in the bidding and contracting process. The use of a standardized platform, 
installed using Classification guidelines, will dramatically lower design and installation costs 
versus assembling a custom solution. Standardized test and checkout programs will put the 
ISIT platform into service faster. Once in place, the platform can be used to monitor and 
feedback performance data to speed up the commissioning process for the entire ship. ISIT 
will make shipyards more competitive by allowing them to deliver what the customer needs 
faster and more cost effectively. 

Overall, ISIT will allow a number of things that the maritime industry can't do today. The 
platform will support the increasing regulatory reporting requirements today and in the future, 
in a cost and time effective manner - without adding extra manpower to shuffle paper. ISIT will 
allow operators of small or large fleets to most effectively manage their operations. Perhaps 
most importantly, ISIT provides a platform to support the next generation of manager and 
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operator requirements by integrating the shipboard systems with each other and with the 
shore. 

Impact of ISIT on Future Shipboard Applications 

To accomplish all this requires jettisoning many of the old attitudes of ship operations that 
have developed through the years. The primary one is the view that the ship's master and 
engineer must have all control of the vessel and any changes to it. This came from the days 
when the ship's master was completely on his own. It is also a holdover from the days when a 
ship owner could claim he had given full responsibility to the ship's crew, and any mishaps 
were the fault of the crew. This has all changed from the Exxon Valdez and resulting 
environmental laws which have moved the responsibility directly to the ship owner and 
operator, including the shore office. The airline industry has been operating for many years 
with much of the control from the ground. The altitudes and routes are all set by ground 
controllers. Some planes are actually landed from a ground signal in fog conditions. The 
ship's master still has ultimate responsibility for the safety of the ship, as the aircraft pilot does 
for the plane, but others must be directly involved. An ISIT link to the ship will open this all up 
to the world of control technology. 
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1. INTRODUCTION 

The 1995 Southern Hyogo Prefecture Earth- 

quake which took place early in the morning on 

January 17, 1995 brought tremendous damage to 

port facilities of Kobe port, a representative inter- 

national trading port in Japan. Immediately after 

the earthquake. Ministry of Transport and Kobe 

city ( port management body ) carried out a survey 

to evaluate the damages and prepared a reconstruc- 

tion plan. At present, July 1, 1995, reconstruction 

works are smoothly progressing and 8 container 

berths have already been under the provisional use. 

This paper describes characteristics of the 

earthquake, earthquake-proof design of port and 

harbour facilities, damage to port and their recon- 

struction plan. 

2. FEATURES OF THE EARTHQUAKE 

The 1995 Southern Hyogo Prefecture Earth- 

quake of JMA magnitude 7.2, had its hypocenter in 

the northern part of Awaji Island and Kobe as 

shown in Fig.l with seismic intensities recorded in 

Osaka Bay area. Earthquake motion measured by 

the SMAC-B2 type accelerograph placed on the 

ground surface at Kobe Port Construction Office is 

shown in Fig.2. The maximum acceleration for the 

horizontal direction is 502 cm/s 2(N45W compo- 

nent) and 283 cm/s 2 (UD component)for the ver- 

tical one. Motion of this earthquake has following 

characteristics. 

l)Relatively short continuation time of main mo- 

tion ( 5 to 10 seconds ) 

2)Horizontal motion being predominant to north- 

south direction 

3)Large vertical motion 

3. OUTLINE OF KOBE PORT 

Kobe port, one of the major ports in Japan 

together with Yokohama port, has been developed 

since the beginning of 20th century. Shin-ko piers 

No.l to No.6, Hyogo pier and Central pier had 

already been developed before World War 11 . 

These facilities which were seriously damaged by 

the war were immediately restored, while Shin-ko 

piers No.7 and No.8 and Maya wharf were newly 

developed after the war. Construction of Port- 

Island, first large scaled man-made island in Japan, 

was started from 1966 and completed in 1980 fol- 

lowed by reclamation of Rokko-Island which was 

completed in 1992. Twenty-one container berths 

"which are mostly located at two man-made islands 

were under operations in Kobe Port. Annual num- 

ber of containers at Kobe port reaches 2,700,000, 

which is about 30 % of the total of Japan, and 

keeps No. 1 position in Japan. Plain view of Kobe 

port is presented in Fig.3. 
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Fig.l    Location of hypocenter and seismic intensities recorded in Osaka Bay area 
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Fig.2    Strong-motion acceleration measured on ground surface at Kobe Port Construction Office 
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Fig.3    Plain view of Kobe Port 

4. DAMAGE TO PORT FACILITIES 

Damage to quaywall, breakwater, cargo han- 

dling arrangement, shed and warehouse, bridge of 

dock road, and reclaimed land are outlined in the 

followings. 

4.1 Quaywall 

Structures of quaywalls at Kobe port are 

mostly gravity type such as concrete caisson and 

block with a few other types, for example, steel 

structured jetties. Clear differences were observed 

in damage according to seismic coefficient adopted 

in design, type of structure and direction of face 

line. 

First, quaywalls designed with small seismic 

coefficient of 0.15 to 0.18 were damaged most 

seriously while the earthquake-proof berths with 

the seismic coefficient of 0.25 at Maya wharf 

shown in Fig.4, 5 did not suffer any significant 

damage. 

Second, light weight structures such a steel 

structured jetties received less damage than gravity 

type quaywalls. Gravity type quaywalls slide to 

offshore side reaching 1 m to 5 m and subsided 1 m 

to 2 m with subsidence of 3 m to 4 m at the back 

site due to lateral deformation of the quaywall as 

indicated in Fig.6, 7. 

Third, the damage of the quaywalls directly 

to east-west is larger than that directly to north- 

south. 

4.2 Breakwater 

Damages observed to breakwater were 

mostly settlement reaching 2 m in maximum. Dif- 

ferential displacement and settlement were rather 

small. Function of wave protection was considera- 

bly lowered by the damage. 

4.3 Cargo Handling Arrangement 

Many gantry cranes  were  also damaged. 

Crotch-tear   generated   by   sliding   of quaywall 

caused de-railing and buckling of legs shown in 

Fig.8. 

4.4 Bridge of Dock Road 

Failure of pier, displacement of foundation 

and breakage of beam were observed for Kobe, 

Rokko, Maya and 2nd Maya bridges which connect 

the city and reclaimed area. These damages were 

the same as those for bridges of inland expressway 

and railway, and some parts of bridges fell to the 

ground. 

4.5 Shed and Warehouse 

Most sheds and warehouses were damaged, 

buckling of pillars and breakage of outer walls. 
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Fig.4    Earthquake-proof quaywall at Maya wharf 

Fig.5    Earthquake-proof quaywall at Maya wharf ( after 2 months from the earthquake) 
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Fig.7    Typical damage observed for gravity type quaywall ( after 1 week from the earthquake ) 

Fig.8    Typical damage observed for cargo handling arrangement 

4.6 Reclaimed Land 

Liquefaction took place at most and limited 

area of Port-Island and Rokko-Island, respectively, 

which were reclaimed by well graded Masa soil, 

de-composed granite, of which gradation curve is 

shown in Fig.9 together with poorly graded sands 

with high liquefaction potential used for liquefac- 

tion criterion in port area. Since Masa soil pos- 

sesses a relatively high strength for liquefaction as 

shown in Fig.9, catastrophic failure observed for 

structures in Niigata earthquake 1964 did not take 

place. But settlement reaching 0.5 m in maximum 

was entirely observed and traficability was seri- 

ously damaged by liquefied sand covering ground 

surface. 

Fig.9 Gradation curve of Masa soil used for reclamation in Kobe 



5. EARTHQUAKE-PROOF DESIGN OF PORT 

AND HARBOUR FACILITIES 

Design of port and harbour facilities in Japan 

is carried out under the "Technical standards for 

port and harbour facilities", which is regulated by 

MOT Ordinance with Port and Harbour law. Seis- 

mic design of quaywall is generally conducted by 

seismic coefficient method. 

The design seismic coefficient which is used 

on that method is determined in accordance with 

the following formula with consideration given to 

the classification of region where structure is lo- 

cated, that of the subsoil condition and the degree 

of importance of the structure. 

Design seismic coefficient  = 

Regional seismic coefficient (Table 1) 

X Factor for subsoil condition (Table 2) 

X   Coefficient of importance (Table 3) 

However, for those port and harbour facili- 

ties which are particularly important or have no 

precedent, it is necessary to examine the resistance 

to earthquake upon analysis of seismic response 

along with seismic coefficient method and dis- 

placement method. For design of earthquake-proof 

quaywall, it is necessary to adopt larger numerical 

value to design seismic coefficient calculated in 

these methods. 

Table 1. Regional Seismic Coefficients 

Region 1st Region 2nd Region 3rd Region 

Regional Seismic Coefficient 0.15 0.10 0.05 

Table 2. Factors for Subsoil Condition 

Subsoil Class Class 1 Subsoil Class 2 Subsoil Class 3 Subsoil 

Factor 0.8 1.0 1.2 

Table 3. Coefficient of Importance 

Classification of Structure Special Class Class A Class B Class C 

Coefficient of Importance 1.5 1.2 1.0 0.5 

6. RECONSTRUCTION PLAN OF KOBE PORT 

6.1 Fundamental Approach 

In order to recover the function of Kobe Port 

as the hub-port in Asia together with taking into its 

future function for 21st century, it was determined 

that the reconstruction should be done with consid- 

eration on, (1) quick recovery of port function, (2) 

increase of earthquake-proof, (3) cooperation with 

reconstruction of city area and (4) reconstruction 

as the international hub-port. 

(1) Quick Recovery of Port Function 

In order to reduce the effect of damage for 

port function, provisional use was aimed for 

slightly damaged quaywall which are restored with 

slight repairing. For facilities seriously damaged, it 

was planned to enable their use step by step.. It is 

also important to repair the breakwater function 

quickly in order to maintain the safety of facilities 

from surge and tide. 

(2) Increase of Earthquake-proof 

Earthquake-proof is increased for damaged 

structures according to their priority. In restoration 

of quaywall, increase of seismic coefficient and 

combination of structures with different seismic 

response are taken into account also according to 

the priority of the facilities. Earthquake-proof 

quaywall is constructed at various locations among 

container, ferry and existing wharf. 

(3) Cooperation with Reconstruction of City Area 

In order to cooperate with the reconstruction 

work for city, waste materials in the city are used 

for reclamation. 

(4) Reconstruction as the International Hub-port 

Construction of large scaled container berth 
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6.3 Schedule for Reconstruction Work* 

It was firstly decided to restore the function 

of Kobe port within 2 years. Among 21 container 

berths, provisional use of 8 berths is planned to be 

achieved by the end of Juno, 1995 with temporary 

repairing as shown in Fig. 12. Full-scaled recon- 

struction is commenced from this April and will be 

completed within 2 years. Seven ferry berths and 

50% of other quaywalls will be restored within this 

year. Function of important breakwaters will bo 

recovered by the end of September to defend 

against the attack of typhoon. 
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Fig. 12 Provisional use of container berth and location for the use of waste material in Kobe port 

7. RESEAI^CHgS 

In order to inquire to the cause of the dam- 

ages and increase of earthquake-proof, various 

researches and investigations are carrying, such as 

reappearance experiment using an underwater 

shaking table . 

8. CONCLUSION 

Port facilities of Kobe port were seriously 

damaged by the 1995 Southern Hyogo Prefecture 

Earthquake, particularly for gravity type quaywalls 

except earthquake-proof ones at Maya wharf. 

Many bridges connecting the city and man-made 

island were also damaged. Immediately after the 

earthquake, reconstruction plan to recover the 

function of Kobe port within 2 years was decided 

based on 1) the need to achieve quick recovery of 

port function and 2) reconstruction with considera- 

tion on future function. Full-scaled reconstructions 

arc now under way at the entire area of Kobe port 

and some of the container berths are already under 

provisional use. 



together with redevelopment of existing wharf was 

planned to satisfy the function as the international 

hub-port. 

6.2 Increase of Earthquake-proof Quaywall 

For restoration of seriously damaged struc- 

tures, design for'recovery was done based on fol- 

lowing three plans, 

1) construction of new quaywall in front of the 

damaged one. 

2) reduction of earth pressure of the back site. 

3) reconstruction of the quaywall with tempo- 

rary release of caisson with considerations 

on degree of damage and locations of struc- 

tures. With comparison of these three plans, 

the most reasonable one was decided. Ce- 

ment treated method, compaction to in- 

crease internal friction angle and replace- 

ment with granulated slag, which are effec- 

tive against liquefaction, are examined as 

the construction methods to reduce earth 

pressure. Typical treatments for 1) and 2) 

are presented in Fig. 10 and 11. 

For earthquake-proof quaywall, its structure 

was strengthened so as to maintain its function 

against earthquake with the same intensity to the 

present earthquake by soil improvement of the 

back site ground for liquefaction. 
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Fig. 10 Restoration of quaywall in front of the damaged one 
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Life Hssessment System of 
Ships and Offshore Structures 

Hirohiko Emi, Asakuni Tsukayama and Atsushi Kumano 
Research Institute of Nippon Kaiji Kyokai 

1.       Introduction 

Recently, there have been moves towards using ships and offshore structures (hereafter 
called "ships") now in service for longer periods than initially planned, and such moves stem 
from economic reasons. On the other hand, international regulations on the structural strength 
of ships are becoming increasingly stricter in the face of growing demand for better marine 
environmental protection. 

The safety of ships can be maintained by implementing ship design, construction, 
operation and maintenance/inspection, while taking into account the effects of these factors. 
Although such a consideration has conventionally been dealt with empirically, new factors 
including demand for longer life, new materials and new design practices, changes in 
maintenance/inspection have created fresh problems that cannot be solved merely from empirical 
data. Furthermore, social demands for safety are getting tougher. As a result, system 
technologies capable of totally and quantitatively assessing various factors related to safety 
within the planned life, reflecting the assessed results upon individual factors, are now 
demanded. 

The authors have for several years implemented fundamental studies on establishing 
procedures that enable researchers to perform "total assessments of lives and safety of ships" 

(hereafter called "TLA") in a rational way.1)2)3) 
This report oudines the results of studies so far. 

2 .       Life Assessment Procedures and Supporting Systems 

2.1     Life-determining Factors 

Life is divided into "physical life," "economic life," and "functional life." Physical life is 
the period before a ship becomes unserviceable as it can no longer sustain reliability and safety 
to the required levels due to frequent occurrences of fatigue cracks, corrosion, wear and tear, 
etc. Economic life is the period before a ship falls below the break-even point due to increasing 
repair charges caused by failures of hull parts and structural hull members, and also slight hull 
damage.Functional life is the period before the functions of the structure are lost due to changes 
in social and other peripheral conditions. 

Total life assessment in this report deals with physical life as represented by engineering 
assessment factors. 



2.2 Life Assessment Process 

Fig. 1 shows the life assessment process. This life assessment method eventually 
predicts a ship's operation rate and life expectancy, but it also integrally assesses various factors 
affecting ship's life during the course of life assessment. As a result, it enables design, 
construction, inspection, maintenance and operation concerns to properly reflect the results of 
the assessment. 

(1) Identifying potential causes of risk 
The term "risk" means potential failure/damage that might cause a ship to be out of service. 
This process defines the danger to ships under study and identifies target structures and 
installations for assessment. 

(2) Preliminary assessment 
This process preliminary assesses design and construction plans, survey reports and various 
other reports while the ship was in service, and the results of hearing from personnel 
concerned, whereby it realizes the operating conditions of the ship under study, service 
conditions of structures and installations, and conditions related to damage, repairs, and 
surveys/inspections. 

(3) Condition survey plan 
The visual inspection plan is to include information on the ship under study, survey timing, 
danger criteria, target structures and installations and applicable inspection methods. 

(4) Condition survey 
It is desirable that events are recorded in a format standardized for inspection records, and for 
boarding investigations to be carried out as necessary. Inspection records should preferably be 
in such details that the degrading conditions of corrosion control performance can be identified. 

(5) Reports 
General conditions of structures and installations, defects including cracks, buckling, 
deformations, and wear, damage documentation, major damage and causes of being out of 
service are to be reported together with the Surveyor's view. 

(6) Assessment of life expectancy 
Life expectancy is to be assessed. Structural strength analyses, fatigue analyses, and analyses 
of ageing effects including corrosion are to be carried out as necessary. The maintenance and 
inspection policy is an important assessment item here. 

(7) Safety and reliability assessment 
Reliability is assessed by predicting the serviceability ratio. Safety is assessed by substituting 
the definition of danger as appropriate. 

2.3 Life Assessment Method 

2.3.1 Identification of Risk to be examined 

Causal events making ships unserviceable are numerous and it, therefore, is unrealistic to 
cover all because of the large volume of work involved. In this connection, accidents causing 



snips to oe unserviceable were ciassined by importance ana rate 01 occurrence as given in 
Table 1 and Table 2. In this study, a judgement is made on the basis of the important index 
given in Table 3 in which data in Tables 1 and 2 are combined. 

This assessment method is to roughly predict all predictable accidents first, and carry out 
detailed assessments on major accidents that can be predicted on the basis of such a rough 
assessment. It is considered feasible to have a fault-free reliability assessment using this 
assessment method. In this case, it is necessary to be cautious about the possibility that even a 
minor accident can be a cause of major danger; i.e., a major marine casualty. For the 
assessment, system analysis procedures such as ETA (Event Tree Analysis) and FTA (Fault 
Tree Analysis) are useful. 

2.3.2 Assessment by Availability 

The objective of the reliability assessment in the total life assessment is to 
quantitatively assess if the ship under study can maintain its planned reliability for the projected 
service life of the ship. Availability (Av) is assessed by formula (1). 

Av = 1 - U (1) 

U = Usf + Uot + Upl (2) 

where 
U 
Usf 
Uot 
Upl 

periodical 

unavailability 
unavailability due to structural defects 
unavailability due to external causes such as collision 
unavailability due to planned  off-service period  caused by 

surveys and margin 

Although Uot represents the planned unserviceability ratio, it is hard to 
determine it initially as it is governed by the maintenance and inspection policy. Uot is rate of 
occurrence, which is considered to be constant regardless of a ship's age. 

It, therefore, is sufficient to assume only Usf in formula (3). 

Usf = Z Usfi = Z MTTRi/MTTRi + MTBFi(3) 
where 

MTTRi (Mean Time To Repair) is the mean time required for repairs (years), 

MTBFi  (Mean Time Between Failures)  is the inverse of   Ai, the meat 
probability of failures occurring (frequency per annum per ship), where suffix i 
represents the cause of unavailability or damage/failure responsible therefor. 

Allowable or expected Usf is determined by ship owner/operator considering the 
ship operating plan, service records and other references. Examples are shown in Table 4. 



2.4     Database or Supporting System 

It is desirable to develop the database and the supporting system shown in Fig. 1 to 
implement total life assessment rationally and effectively. As far as the authors' investigation is 
concerned, no such database and supporting"systems that serve the purpose have been found. 

In this connection, R&D is now underway to construct a database format that serves 
as a basis for total life assessments of hull structures and machinery. As for supporting 
systems, the systems to assess/predict fatigue strength and degrading of corrosion control 
performance based upon these databases, and the feedback systems of damage information are 
now being investigated. 

3 .       Supporting Systems for Total Life Assessment 

3.1 Method of Assessing Hull Conditions 

Corrosion is responsible for most structural hull defects. It, therefore, is necessary 
when evaluating the soundness of hull structures to verity and predict the degradation of 
corrosion control performance, not to mention the progress of corrosion before reaching the 
wear limits. 

IACS (International Association of Classification Societies) classifies hull conditions 
into three groups GOOD, FAIR and POOR4), but this is not sufficient for the above purposes. 
In this connection, the authors propose a five-grade rating to describe hull conditions; i.e., cA 
(Extremely good), cB (Good), cC (Generally good), cD (Slightly corroded), and cE (Corrosion 
and wear in progress) supplemented with intermediary presentation as exemplified by cC/cD. 
Their examples are shown in Photo 1. 

Furthermore, a method to predict the deterioration of anticorrosive paints using tar- 
epoxy resin paints shown in Fig. 3 has been developed on the basis of the results of real ship 
experiments5) on the deterioration of corrosion control performance in WBT of ships shown in 
Fig. 2. Using reference lines drawn from results of the real ship experiments, which are 
normally carried out around five years after delivery, and the grade of the painting 
specifications, ageing effects thereafter can be predicted. 

3.2 Hull Strength Assessment Method 

As can be seen from the classification of fractures based on the structural defects of hulls 
shown in Fig.4 and Table 4, it is reasonably assumed that when a ship in service, which is 
well protected against corrosion, is operated in the compatible manner, many of the causes of 
failures other than those due to fatigue are removed. As a result, the rate of occurrence of hull 
damage due to structural defects takes remarkably low values. Furthermore, such a rate of 
occurrence of hull damage can be assumed by referring to relevant damage data. 

Hull damage influence analyses can be carried out using the pattern presentation of hull 
damage of the ETA shown in Fig.5. Risk rating hull damage can be carried out by analyzing 
individual cases referring to this figure. For instance, failures of longitudinal frames in the 
ballast tanks of a conventional large ship are evaluated at importance C-2 in Table 3, if the 
effects of corrosion are neglected. Fig.6 is an example of a result of the risk assessment, and it 
shows most essential members/location of a double hulled VLCC which may have a risk to 



develop to the rank III of Table 3. 

3.3     Fatigue Strength Evaluation Method 

The hull structures of the conventional' design have not been the subject of special 
studies, as far as fatigue strength is concerned, because they are considered to have an ample 
allowance for fatigue strength on the basis of ship operating records, providing that ship ages of 
15 to 20 years are of concern. In ships built after 1980 to the requirements of the new 
classification rules, new materials and new design procedures, however, premature generation 
of fatigue cracks have been found. 

Furthermore, in the case of ships planned and built for longer service lives, we have no 
grounds for judgement on the basis of actual ship operating records. As a result, creation of a 
rational fatigue strength calculation method is demanded. In fact, studies are being done by 
various classification societies, but no unified method has been established yet. 

A long-term iife assessment requires the following problems concerning the arts of 
assessment and assumption to be solved. 

(1) Fatigue life assessment method for corroded members 
(2) Method for assuming actual varying stress 
(3) Relationship between cumulative damage and damage probability 
(4) Maintenance/inspection method (interval/accuracy) 
(5) Risk rating method for fatigue damage 
(6) Fatigue crack propagation analysis 

The actual assessment of fatigue strength is carried out through the procedures below: 
(a) Assuming wave loads considering the effects of sea and weather conditions of 

shiphandling in the sea way/location of installation 
(b) Structural analyses of members with a high risk of fatigue damage and those 

with a high probability of major hull damage 
(c) Calculating the probability of exceeding levels and stress distribution 
(d) Calculating the cumulative damage ratio based upon S-N diagrams 

However, there is a certain allowance for fatigue cracks before they develop into major 
hull damage involving cracks propagating to shell plating, and the occurrence of such major hull 
damage can be avoided if a detailed planned assessment is carried out and countermeasures are 
taken on the basis of the assessment results. Fig.7 shows an example of the results of 
assessments of the probability of occurrence of cracks in side frames considering the effects of 
close-up inspections. 

4.       Concluding Remarks 

The results of a study on total life assessments in the sense that ships and offshore 
structures can maintain their safety are shown above. Although much is still left for future 
study, it is considered that the procedures introduced in this report enable researchers to make a 
total assessment of life in the sense of approximate framework. Naturally, the lives of ships and 
offshore structures largely depend upon the inspection and maintenance management undertaken 
after their commissioning. 

The assessment procedures described here presuppose the enforcement of proper 



inspection and maintenance management as an indispensable condition. In the case of high- 
value ships (liquefied natural gas carriers and double-hulled VLCCs) and large offshore 
structures, which are constructed with an expected life of 30 years or 50 years), in particular, 
preventive inspection/maintenance management at the design and construction stages, not to 
mention post-commission inspection/maintenance management, is very important. 

Although there are many projects of long-life ships and large offshore structures, it is in 
rare cases that an authentic approach is made during the planning stage for actual 
inspection/maintenance management to be undertaken in the post-commissioning period. In this 
connection, the authors hope this paper will be useful. 
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1 able 1   Category ot incident effect 

Index 

C 

"D" 

Effect 

practically 
nealieible 

a few 

some effect 

laree 

very large 

Incident effect 

Incident which does not affect practical 
availability 

Outage period due to incident is 24 hours 
or less 

Outage period due to incident is about 2 or 
3 days or less 

Ditto, about 1 week or less 

Ditto, about I month (4 weeks) or less 

Ditto, about 1 month (4 weeks) or above 

ladle i (a) important inoex 
Important 

index 
Rank 

index 

Rank of probability 

I Sufficiently acceptable level 
(high reliability) 

n Generally acceptable level 
(good reliability) 1 

m It is preferable to be higher up 
the rank table as far as possible 

lQWWw 

IV It is necessary to be higher up 
the rank table 

N.B. Important index is shown in Table 2.1 (d) 

Table 2 Category of incident probability 
Table 3 (b) Matrix of incident effect and probability 

Index Incident prob ability 

0 negligible < I0'5/ship-year 

1 a very few ICT5- I(r4/ship-year 

2 a few lO"4- lO"3/ship-year 

3 low l(r3-10-2/ship-year 

4 somewhat frequent lO"2- lO-Vship-year 

5 frequent > 10''/ship-year 
N.B 1 : One of which the effect is 12 hours or above and 

the probability is very frequent (>l/ship-year) is 
ranked as IV 

N.B.2 : ^^^^ levels are practically non-existent 

Table 4 Examples of unavailability due to structural defects     Usf, Usfi 

Kinds Usf or Usf/ days/year Remarks 

Two LNG carriers 1964 - 1972 12.8 
5.1 

including initial design and construction defects, 
excluding initial defects 

28 LNG carriers ( mean ) 7.1 excluding initial defects 

Shell plate opening failure for all ships 12.0 
3.6 

with assumed M11 Ki =3 days 
ditto, except corrosion 

Failure of propulsion shafting 8.8 with assumed MTTR; = 3 days 

Complete fracture of propulsion shafts 9.8/2.2 with assumed MTTR; fc 120/30 days 
without/with spare 

N.B.      MTTRi :  mean time to repair 



Numerical Simulation of Large Scale Grounding Tests 

Association for Structural Improvement 

of the Shipbuilding Industry 

1. Introduction 

1.1 Background 

Because of the oil spills due to the grounding accident off Alaska Coast in 1989 or the collision accident 

off Sumatra Coast in 1993, etc., the disastrous pollution of marine environment due to Tanker Accident 

became one of the greatest concerns in the world. 

In order to minimize the oil spills due to collision and/or grounding accidents, the establishment of the 

methodology to assess and enhance the crushworthiness of Tanker Structure is required. 

In Japan, the Association for Structural Improvement of Shipbuilding Industry (ASIS) has continued the 

7-year research project of the " Protection of Oil Spills from Crude Oil Tankers " from 1991 with the 

support of the Japanese Ministry of Transport.   The principal aim of the project is the development & 

spread of the practical assessment methodology and to contribute to the advance of Tanker Safety. 

1.2 Outline of the Research Project 

In the first phase of the research project, Structural Failure of Tanker due to collision and grounding has 

been studied extensively for a period of 5 years as shown in Fig.l- 1. 

Experimental & Analytical studies as titled with "E-4", "A-l" and "A-4" in the figure were carried out 

in the year of 1994.        In this present paper, "A-4 : Numerical Simulation of Large Scale Grounding 

Tests" is reported. 

2. Numerical Simulation of Large Scale Grounding Tests 

Mitsubishi Heavy Industries, Ltd. Japan was entrusted by ASIS to carry out the Numerical Simulation. 

2.1 Primary Aim of the Numerical Simulation 

According to the project schedule that the first phase study on prediction methodology for Structural 

Failure should be completed by 1996, Numerical Simulation of Large Scale Grounding Tests was carried 

out in order to verify the appropriateness of the latest assessment methodology which had been devel- 

oped by ASIS.     The methodology is realized by the combination of finite element code as a kernel, sub- 



routine program to analyse and feed-back the rigid body motion of ship and manager of the failure mod- 

el of welding joints. Because the methodology had been developed primarily to simulate the Structural 

Failure due to collision, it was also intended to remark the specific points of the grounding simulation for 

the future improvement 

2.2 Simulation Code and Modelling 

The numerical simulation was carried out using the non- linear explicit three dimensional finite element 

commercial code of LS-DYNA3D plus MCOL (Mitsubishi Collision analysis program) installed on the 

engineering workstation located in Nagasaki R&D Center. 

Dimensions of Test Sections are shown on Table 2.2.2-1.   Detail of the Numerical Simulation is listed 

on Table 2.2.2- 2.      Grounding Test condition is shown on Table 2.2.3-1.   Material properties of 

actual Test Section are shown on Table 2.23- 2. 

Finite element representation of Grounding Tests Nos.1,2 & 3 is shown in Fig.2.2.2-1 to Fig.2.2.2-4. 

23 Results and Conclusion 

Results of Numerical Simulation of Grounding Test No.l are shown in Fig.2.3.1-1 to Fig.2.3.1-7. 

Results of Numerical Simulation of Grounding Test No.2 are shown in Fig.2.3.2- la to Fig.23.2-3. 

Results of Numerical Simulation of Grounding Test No.3 are shown in Fig.2.33- la to Fig.2.3.3-2. 

Actual Structural Failure patterns in Grounding Tests Nos.1,2 & 3 are shown in Photo.2.3.1-1 to 

Photo.2.3.3- 4 for reference. 

Rigid body motion of Tanker, Reaction Force, Structural Failure Modes, etc. were proved to be in good 

agreement with the test results to the practical degree, however, in order to enhance the accuracy of the 

extent of the grounding damage, simulation of rigid body motion of ship should be improved furthermore 

through refining the modelling of non- linear wave damping, time varying added water mass, traveling 

center of gravity and/or buoyancy, etc., taking the shallow water effect into account 

It is also suggested that the increased number or the increased thickness of transverse floors in bottom 

structure may be potentially effective from the energy absorption capacity point of view, especially in 

case of raking type grounding accidents. > 



Table   2.2.2-1    Dimensions of Test Section 

Test Section(l/4scale) VLCC(Imaginary) 

Length 7150 MM ~ 7200 MM 28600 MM ~ 28800 MM 

Breadth 5500 MM 22000 MM 

Depth of D.Bottom 750 MM 3000 MM 

Floor    Spacing 1250 MM 5000 MM 

Stiffener Spacing 250 MM 1000 MM 

Girder   Spacing 3500 MM 14000 MM 

Bottom Shell T. 5 MM 20 MM 

Inner Bottom T. 5 MM 20 MM 

Floor      T. 5 MM 20 MM 

Girder      T. 5 MM 20 MM 

Depth of Stiffener 150 MM 600 MM 

Trans Sp. Forward 600 MM ~  800 MM 2400 ~ 3200 MM 

Weld Leg Length 3 MM 12 MM 

Table   2.2.2-2   Detail of Numerical Simulation 

Test Sect. 

No. 1 

Test Sect. 

No. 2 

Test Sect. 

No. 3 

Tanker Rock 

Grids 11827 11867 18353 1556 1454 

Shell Elements 10329 12508 17676 1201 1450 

Beam Elements 19 ,  19 10 76 0 

Total Elements 10348 12527 17686 1277 1450 

Simulation Period 3. 00 Sec. 1.65 Sec. 2. 00 Sec. EIS: 

CPU Time 259 Hour 219 Hour 284 Hour HP-9000 735 



[ Study on Strucural Failure Behavior ] 

; Experimental Approach 

E-l 1991 

Survey of Collision & Grounding Accidents 

E-2 1 1991&1992&1993 

Model Test 

Quasi- Static Collision Test of Side Structure 

Quasi— Static Failure Test of Sise Structure 

Dynamic FailureTest of Side Strucure 

Quasi— Static Grounding Test of Bottom Structure 

Tension Test of Butt Welded Joint 

E-3 1 1992&1993 

Realization of Structural Failure Modes 

E-4 1 1991&1994 

Realization of Structural Failure Modes, 

Energy Absorption Capacity 

Full Scale Ship- Ship Collision Test (Netherlands) 

Large Scale Ship Grounding     Test (Netherlands) 

> 

A-l 

[ Study on Prediction Methodology ]  — 

; Analytical Approach 

1991&1994 

Evaluation of Numerical Simulation Codes 

A-2 1991 1 &1992&1993&1994 

Numerical Simulation (Phase 1) 

A-3 V 1992&1993 

Structural Failure Modelling & Ship's 

Rigid Body Motion Modelling 

A-4 V 1993&1994 

Numerical Simulation (Phase 2) 

A-5 1 1995 

Numerical Simulation of Collision & 

Grounding Accidents of Actual Ships 

(Confirmation Phase) 

Development of Practical Assessment 

Methodology for Structural Failure of 

Tanker due to Collision & Grounding 
<£ 

Fig.l-1 Flow Chart of Project Research on Structural Failure of Tanker due to Collision & Grounding 



Table   2.2.3-1    Relative Positioning of Rock & Test Section 

Test No. 1 Test No.2 Test No. 3 

Initial Dist; 

Top of Rock abv. 

Inner Bottom 

- 180 MM + 560 MM + 670 MM 

Attack Angle 

due to Trim of 

Tanker 

1. 367 Deg. 1.208 Deg. 1. 048 Deg. 

Grounding Speed 3.61 M/S 4.06 M/S 3.96 M/S 

Table   2.2.3- 2    Material Properties 

Parameters Value 

Young' s Modulus         E 21000.0 kgf/m!n2 

Poisson' s Ratio         v 0.3 

Static Yield   Stress   a y 38.0 kgf/mm2 

Static Ultimate Stress   a b 60.0 kgf/mm2 

Tangent Modulus Post-a y     Eti 148.5 kgf/mm2 

Tangent Modulus Post-a b  Et2 0.0 kgf/mm2 

Strain Rate Coefficient  D 335  1/s 

Strain Rate Coefficient  p 5 



Figure 2.2.2-1   Model (Test Section No.l) 

Figure 2.2.2- 2   Model (Test Section No2) 

Figure 2.2.2-3   Model (Test Section No3) 

Figure 2.2.2- 4   Model (Tanker with Test Section) 



- LS.T.C Vl'5u»llj«»ion - Window no. I - 

HOLLWMD GROUHDIMG SIMULATIOM TEST] 
'. !»•   •      2. •t493?E->-0'3 
fringes    of    eff.    stress    f L'-m ' 

mln-   O.O00E: + OO   in   eltment    i.2^71 

* ^ 1 rr-je    I eve 1 5 
0   GJOCtOJ 

Figure 2^.1- 4c   Deformation & Stress Distribution of Test Section No.l (Final     Stage) 
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Figure 2.3.1-1   Vertical Penetration of Artificial Rock into Test Section No.l 
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Figure 2.3.1-2   Total Reaction Force on Test Section No.l in Longitudinal Direction 
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Figure 2.3.1-3   Total Reaction Force on Test Section No.l in Vertical Direction 
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Figure 2.3.2- 1c    Deformation & Stress Distribution of Test Section No.2 (Final      Stage) 
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Figure 23.2- Id   Deformation & Stress Distribution of Test Section No.2 (Final      Stage) 
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Figure 2.3.3- 1c   Deforroation & Stress Distribution of Test Section No3 (Final      Stage) 

I 
Figure 223- ^f-'Rupture Pattern of Bottom Shell :Test Section No3 
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Figure 2.3.3- la    Deformation & Stress Distribution of Test Section No_3 (Opening Stage) 
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Photograph 232-1   Test Section No.2 : Penetration of Artificial Rock into Test Section 
Photograph 23.2- 2   Test Section No.2 : Rupture Pattern of Inner Bottom 

Photograph 23.2- 3   Test Section No.2 : Rupture Patten, of Front Shell & Bottom Shell     Photograph 23.2-4   Test Section No.2 : Collapse Pattern of Bottom Longitudinal Stiffener 
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Figure 2.3.2- la   Deformation & Stress Distribution of Test Section No.2 (Opening Stage) 
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Figure 2.3.2- lb   Deformation & Stress Distribution of Test Section No.2 (Middle   Stage) 
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Photograph 23.1- 1   Test Section No.l : Rupture Patten, of Front Shell & Botto. Shell Photograph 23.1- 2   Test Secfon No.l : Rupture Pattern of Botto.n Shell 

Photograph 23.1-3   Test Section No.l : CoUapse Pattern of Bottom Longitudinal Stiffencr 

1^ 
Photograph 23.1- 4   Test Section No.l : Rupture Paltcm of Bottom Shell & Floor 



Photograph 223- 1   Test Section No.3 : Penetration of Artificial Rock into Test Section      Photograph 233-2   Test Section No.3 : Rupture Pattern of Front Shell & Bottom SI 

Photograph 233-3   Test Section No.3 : Collapse Pattern of Test Section Photograph 233-A   Test Section No.3 : Collapse Pattern of Bottom Shell & Trans 



Figure 2.3.1- 4a   Deformation & Stress Distribution of Test Section No.l (Opening Stage) 
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Figure 2.3.1- 4b   Defonnation & Stress Distribution of Test Section No.l (Middle   Stage) 
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SHIP-BOARD LIQUID WASTE MANAGEMENT 
STRATEGIES 

H.L Remlng, M. Hauschild, and J. KHe 
Zenon Environmental Systems, Inc. 

Liquids account forttle single largest group of waste generated 
aboard navy and riiarine vessels. In the U.S. Navy on average, 
10.78 ftf/man/day of liquid wastes are generated, compared to 0.43 
ftS/hnan/Uay of solids (Table 1). On a volume basis, this is more than 
25 times more liquid than solid. On a mass basis, liquids are even 
more pronounced, accounting for more than 650 Ibs/man/day, 
relative to 3.06 IbsAnan/day of solids, a factor of more than 200 times 
greater. 

Ship-board liquid wastes can be classified in six categories: 

• Black water 
• Gray water 
•Oily waste water 
• Waste oil 
• Hazardous waste 
• Medical waste 

As shown in Table 1 for the U.S. Navy (and Rgure 1 for NATO navies 
in general), gray water accounts for a full 30-40% of total liquid waste, 
followed by oily waste water, waste oil, and biack water. Medical and 
hazardous waste are very minimal, are aenerated with solids, and do 
not contribute to the practical waste load. NATO navy waste 
generation is generally representative of the U.S. Navy as well. 

The volume of waste becomes staggering. A Nimitz-class aircraft 
carrier, for example, will generate over 300,000 gallon per day of 
liquid waste. With a mission duration of thirty days, this represents 
more than 9 million gallons of untreated waste- almost 50 times the 
ship's hold capacity of 200,000 gallon. Thus, management of liquid 
wastes in the 21 st century represents a major operational issue for 
the world's navies and marine fleets. Development of strategies to 
manage ship-board wastes- their generation, collection, treatment, 
and disposal, has become a critical item. 

1 
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ENVIRONMENTAL REGULATIONS 
Simplest of all management strategies is direct, continuous discharge 
of the waste as it is generated ship-board. Hold requirements are 
minimized and capital cost for treatment is eliminated. This practice 
remains the most common for many of the liquid wastes generated 
today. 

increasingly stringent environmental regulations, both in the U.S., and 
SS'SS^JSS!?1 SJ P?8 l5,,,2S? ^Ji? Navy yesse^ **> becoming the norm. Within the decade, it is anticipated that regulations will exist 
on every waste generated which will require modification of current 
discharge practlcesi \ 

AiS!E!Hl!"^ JOT."1 and Projected environmental regulations which 
will affect the U.S. Navy are given in Table 2. The regulations are 
separated Into those drectly effecting the waste category, and those 
having a more Indirect effect on waste management It is Important to 
note that pertinent regulations are not only U.S., but Include those in 
force at all ports-of-call for U.S. Navy vessels. Some NATO navies 
P^UlFSr9 etf^ent regulations in their national waters than does the 
united States. 

By the year 2005, if not sooner, both gray water, oily water, as well as 
oflywastes will require freatmentfor discharge. Such treatment will 
be necessary both In national and international waters. Only the level 
of contaminants in the discharge Is in discussion. Black water is 
generally unrestricted in its discharge today. This will change to 
requiring treatment with three nautical miles, perhaps out to national 
territorial limits of 12 nautical miles. Continued discharge on the hioh 
seas te anticipated. Other key effects will the move to ban taking on 
and discharged untreated water for ballast The ban on chlorine will 
effect treatment of black water. Also, the reduction In allowable 
nydfocarbons will modify the use of solvents on-board vessels, as 
well as modify engine characteristics for reducing vapor emissions. 

OPERATIONAL ISSUES 
Choice of appropriate waste management strategy is heavily shin- 
dependent Key criteria Include: ««viiywiiM 

• Ship's complement 
• Ship type / mission profile 
• Current /future capability for waste treatment equipment 

Small day runners, for example, with less than one day mission 
duration, would not be likely to Install on-board waste treatment 

2 
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equipment Alternatively, aircraft carriers, with greater than thirty 
days at sea, high waste generation rates, and low hold capacity, 
would most certainly wish to manage their wastes at sea. 

Ship's personnel distribution for the various NATO navies, including 
the U.S., are given In Figure 2. Unlike most other NATO navies, U.S. 
naval personnel are heavily weighted to larger ships- carriers, 
destroyers, frigates, and cruisers. These snips ail have 30 day or 
greater mission profiles, and account for the majority of waste 
generated. Thus, priority is given to on-board treatment strategies- 
avoid, minimize, reduce, or treat, as oppose to collect and hold. 

"A'\ 
Amongadditional operation factors Is the waste generation profile 
itself. Figure 3, for example, details the total volumetric generation of 
gray plus black water aboard a frigate. It is seen that at typical mess 
times, waste generation rates exceed the norm by 3-4 times. This 
phenomena must be factored in defining collection and hold versus 
treatment approaches. 

WASTE MANAGEMENT STRATEGY 
An optimum waste management strategy incorporates several 
elements. Rather than focus on technologies for treating wastes, 
there is the recognition that minimization of waste generated is as 
important, and may provide even a greater impact in time and cost 

The ideal waste management hierarchy for managing ship-board 
wastes is defined as: 

1. Pollution prevention 
1. Source reduction 
2. Substitution 

2. Waste reduction (volume minimization) 
3. Waste recycle / reuse 
4. On-board treatment / direct discharge 
5. Collect, hold, off-load 

The first step recognizes the value of minimizing the waste   . 
generated, so that collecting and treating is not required. Two 
elements of pollution prevention are normally considered. Source 
reduction involves eliminating or reducing the source of the pollution 
itself. Specific examples ship-board (Table 3) are the use of low-flow 
restrictors pn water to minimize the volume of gray water generated in 
showers, or black water generated in toilets. 



SEP-05-1995 15:28  FROM HU FLEMING TO 14102932532  P.05 

Substitution is a second element of pollution prevention. Where 
possible, nonhazardous, or less objectionable materials are 
substituted In applications currently using materials which generate 
difflcult-to-manage wastes. Current examples in the U.S. Navy are 
replacement of CFCs with non-CFCs in refrigeration systems to 
eliminate the need to treat vapor CFC emission. Another is the 
substitution of water-based cleaners for organic solvents in metal 
shops to reduce the volume of hazardous solvents. 

After all prevention measures have been exhausted, reduction of 
generated waste isjhe next best option. Sometimes called volume 
minimization, this is & critical measure ship-board because of the 
extremely limited holding capacity. As shown in Table 3, both gray 
water and oily water are good candidates for volume reduction. 

in the management hierarchy, waste recycle or reuse is the next 
option. Unlwe shore-side situations, ship-board options for reuse are 
limited. The implementation of sophisticated equipment for 
reprocessing waste for reuse is not considered cost-effective. The 
best identified option recognizes that membrane-based technologies 
provide relatively dean water from gray and oily water minimization. 
As gray and/or oily water is reduced in volume by > 90%, water is 
generated which may be reused in non-potable applications, 

ledrculation of this water for showers and toilets, for example will 
provide significant reduction in total gray and/or oily water generated, 
as well as reducing the volume of water to be discharged overboard. 

On-board treatment of generated waste becomes the next best 
option. Technologies are now in development for virtually every liquid 
waste bislng generated. Membrane-based technologies can not only 
eliminate the waste, but provide direct discharge quality water to 
minimize hold requirements. Primary issues for implementation of 
these or other technologies include whether wastes should be 
combined for treatment, or remain segregated. Detailed discussion 
of leading waste treatment options wlii be considered in the next 
section. 

The final, and last option, for waste management is collect and hold. 
Obviously, minimization of the need for ttife option is critical in ships of 
the 21st century. Because of their low volume, only medical and 
some hazardous waste are considered good candidates for this 
approach long term. * * 

NATO, along with the U.S. Navy, has taken a two step strategy to 
achieving their waste management requirements. As indicated in 
Figure 4, In the short term, the various pollution prevention 

4 
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approaches are being implemented. These require little change to 
current ship's operation and minimal hardware. As summarized in 
Table 4, the net impact Of waste generation by these changes is 
substantial. Because most waste generation is directly related to 
personnel, crew reductions will decrease total liquid waste generation 
by at least 10% over the next decade. Segregation and other 
management practices will contribute an additional 10%. Increased 
use of eductors result In reducing black water generation by 90%, so 
that the net effect on total U.S. Navy black water will exceed a 10% 
reduction. 

TREATMENT TECHNOLOGIES 
However Impressive, pollution prevention practices will not by 
themselves adequately meet the emerging environmental 
requirements. As Indicated In Figure 4 new te^notogtes wjH need to 
be developed and Implemented tor ship-board destruction of liquid 
wastes. NATO, envisions the implementation of these technologies 
beyond 2000 as the key second step in fully meeting environmental 
challenges required of NATO navies into the 21st century. 

A number of technologies have been proposed as having potential 
aDDUcabnitv for meeting the Navy's environmental requirements. A 
representative list of leading candidates are given In Table 5. Key 
requirements include: 

• PR^I* of bsckfit 
• Ability to meet current /emerging discharge regulations 
• Ufa cyde cost 
• Size /weight constraints 
•Ease/simplicity of operation/maintenance   
• Adaptability to current ship-board environment / infrastructure. 

Some technologies are much more suitable than others In meeting 
the particular requirements of ship-board operation. Membrane- 
based systems, for example, have demonstrated to be leading 
candidates for ship-board operation. Membrane systems are 
modular, compact, require little maintenance, highly flexible for future 
modifications, exhibit high throughput/volume, and possess attractive 
cost-benefit ratios. Representative membrane-based strategies for 
gray, black, and oily water, the three prime liquid waste targets, will be 
reviewed.    K 

The primary approach for managing oily waste waters is shown in 
Figure 5. Bilge water, compensation water, machine shop, and other 
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sources of oily water are collected in holds. The water is then treating 
by pumping through an Oil Water Separator (OWS). Typical Oil & 
Grease levels in the effluent from the OWS is 15 mg/L In order to 
meet the 5 mg/L or less emerging specification for direct discharge, a 
membrane ultrafiitration unit is incorporated. The ultrafiitration unit 
can provide permeate water sufficiently pure as to be directly 
discharged into the sea, while concentrating the oily waste to < 5% of 
its original volume. The concentrate can be stored for off-load, or In 
an integrated treatment system, sent to the integrated oily/gray/black 
water treatment unit for further treatment and complete elimination. 

Zenon has developed high throughput ultrafiitration modules and 
units for treating OWS effluent As shown in Table 6, the ultrafiitration 
unit can consistently provide effluent water FOG content of < 2 mg/L 
and Total Suspended Solids virtually non-detectable, water suitable 
for direct overboard discharge. The bilge can be concentrated to 
greater than 95% volume reduction with no loss of throughput 
performance. Both tubular membranes, as well as the higher 
capacity transverse flow hollow fibers, have been developed for 
service in oily water systems. 

One new development has been the advent of oily water- compatible 
membranes which can manage untreated oily water. The result is 
that this ultrafiitration module can conceivably replace the current 
piate-and-frame OWS, and meet direct effluent discharge 
requirements without an additional treatment step. As shown in Table 
7, bilge water containing > 1000 mg/L FOG and 500 mg/L TSS was 
treated to < 2 mg/L FOG, < 2 mg/L TSS, all at waste volume 
reductions of 95% without loss of throughput performance. For 
vessels not yet equipped with Oil Water Separators, or vessels 
requiring OWS upgrades, this will likely be an attractive option. 

GRAY WATER 
Because of the high portion of low molecular weight (LMW) organics 
in gray water, membrane ultrafiitration will not meet the 50 mg/L BOD 
specification necessary for direct discharge. These LMW organics will 
partially permeate through the membrane. Smaller pored nanofliters 
need to be employed, but possess the penalty of lower throughput 
Zenon is actively involved in development and implementation of 
these membranes. 

The leading alternative in treating gray water, however, is the use of 
the ZenoGem• process. This innovative process combines biological 
treatment with membrane ultrafiitration. Per the schematic shown in 
Figure 6, contaminants are continually retained by the uitrafliter, and 

6 
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recycled through the bioreactor until they are degraded. They then 
pass through the ultrafitter as purified water, ana can be direct 
discharged to thd sea. A small volume of biomass residue remains 
which can also be directly discharged overboard as nonhazardous. 
The result is a.simple, compact, and highly destructive system for 
completely eliminating wastes and yielding dischargeable water. 

One version of the ZenoGem• system has been deployed at the U.S. 
Navy's Surface Warfare Center and is shown in Figure 7. 
Representative performance on gray water is given in Table 8.  It Is 
seen that the key requirements of BOD5, FOG, and Fecal Coliform 
content are more than exceeded. In many cases, water quality is of 
sufficient quality to allow its reuse and recycle for gray water (e.g., 
showers, heads). The latest version of the ZenoGem• system 
eliminates the need for external ultrafiltration membranes by 
incorporating the membranes as hollow fibers within the biological 
reactor Itseif, thus further decreasing equipment space and energy 
requirements. 

BLACK WATER 
The use of ultrafiltration is not as dear for black water treatment As 
shown In Table 9, ultrafiltration will allow volume reduction exceeding 
90% of the waste water, with an effluent that Is < 2 mg/L FOG, < 1 
mg/L TSS, the two key requirements for direct discharge. However, 
the total microbial load, and by inference Fecal Coliform load, 
although reduced more than four orders of magnitude, do not meet 
the <3 nautical miles discharge requirement of 2 CFU/ml. Also, 
because of LMW organics, BOD5 remains above the 50 mg/L 
requirement Both these hurdles can be easily overcome by post 
disinfection, coupled with either a polishing activated carbon tank or 
nanofiltration membrane module. The better alternative is the use of 
the ZenoGem• system, which has demonstrated effectiveness for 
complete elimination of black water. 

INTEGRATED GRAY, BLACK, AND OILY WATER 
Treating each waste separately requires considerable segregation, 
with multiple collection, treatment and discharge trains. In many 
backRt cases, and in ail cases with new ship design, the liquid waste 
treatment system can be fully integrated into a single unit. As shown 
in Figure 8, gray, black, and oily waters, as well as oily wastes if 
desired, can be jointly collected and treated with a single unit The 
waste Is completely eliminated, with direct discharge of the treated 
water. 

The ZenoGem• system has demonstrated success for integrated 
liquid waste treatment Greater than 99% removal of BOD5, TSS, and 
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microbial load has been demonstrated (Table 10), with > 93% 
removal of FOG and COD. Effluents which more than meet aii 
prolected environmental regulations are routinely met. Not orw does 
the system function with the integrated wastes, the presence of black 
water enhances the performance on gray water and oily water, a 
syneraistic effect The system has been designed to function on one 
or all the waste types at any given time, thus providing operational 
flexibility ship-board. 

Depending upon the ship type and mission profile, a number of 
integraflon optlonaare available. All three wastes might be combined 
andsentto a single system (Figure 9). As an altemadve^gray water 
may be treaded by ultrafiltranon, with the permeate directly 
discharged and tne concentrate sent to tne ZenoGem treating the 
black and oily water (Figure 10). The value is a significantly 
decreased size of the ZenoGem• system because of the lack of 
requirement to address the high volume of gray water, the largest 
volume waste. Also, the ZenoGem• operates more efficiently at the 
higher BOD5 feed loads. Oily wastes might also be combined and 
treated. The current U.S. Navy approach is to maintain the oily water 
treatment system as separate, while investigation of the merits of 
gray and black water integration. Other NATO navies are focusing on 
complete waste integration. The appropriate choice will be specific to 
each navy, and their individual vessels. 

CONCLUSIONS .,,..«., 
Ship-board waste management will become increasingly important in 
the coming decade. Many of the more significant pollution prevention 
practices nave already been implemented. The focus now shifts to 
on-board waste treatment Treatment technology development is 
currently an active field, with significant Innovations occurring 
routinely. With navies downsizing, and fewer new vessels on the 
horizon, the challenge to technology innovators and to naval 
engineers is the integration of viable treatment strategies with 
existing ship's infrastructure. 

8 
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TABLE 1 
U.S. NAVY WASTE GENERATION 

i WASTE :irYP&^ts^<«uaJWEaiyDAyv MASSWDAY: . ivowummt MASS^I 

LIQUIDS 
Bade War 

-Gravity System Z01 R3 125-1 Lbs 15%* 15%' 
• VCHT System 0.27 16.7 

GrayWato 4.01 250.3 37 37 
OUyWastB water 2.67 166.8 25 25 
OOy Waste ^ 2.41 127.6'* 22 22 
HazankwWasJ'i 

» 0.03 2.0 <1 <1 
Madical Waste 0.00 0.1 <1 <1 
TOTAL UQUIOS 10.78 650.2 100% 100% 

SOLIDS 
Plasdcs(Ctean) 0.08 0,10 19 3 

0.08 0.10 19 3 
Food 0.03 1.21 7 40 
Papor 0.19 1.11 43 36 
MsteVGtaai 0.05 0.54 12 18 
TOTAL SOUOS 0.43 3.06 100% 100% 

Source: U-fi. Navy 
' Hsoogntzas that oa.2S% of vessels are VCKT-equlpped 
** Assumes specific gravity of 0.85 
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TABLE 3 
SPECIFIC LIQUID WASTE MANAGEMENT STRATEGIES 

Pollution Prevention 
1. Source Reduction 

'% 

2. Substitution 

Waste Reduction 
(Volume Minimization) 

Waste Recycle/ Reuse 

Gray water 
Btack woier 

Oily water 

Ofly waste 
Hazardous CFCs 

Medical waste 

Hazardous CFCs 

Hazardous solvents 
HaJors 

Gray water 
Oily water 

Gray water 

OBywasto 

On-board Treatment/Discharge Gray water 

Black water 

Oily water 

OQy wastes 

Collect/ Hold/Off-load Medical wasie 
Hazardous waste 

1. LowMlow water regulators 
1. Vacuum eductors 
2. Low flow water regulators 
1. improved seal technology 
2. Segregation of oils 
1. Oils/ water segregation 
1: Alternative refrigeration 
technologies 
1. SegregatB Infectious/ 
non infectious 
1. Substitute refrigerants/ 
sotvsnis 
1. Aqueous-based cleaners 
1. Attemattve fire suppressants 

1. Membrane concentration 
1. Merrttrane concentration 

1. Recycle membrane permeate 
for showere, toflst, other low 
quality, non-potable uses 
2. Hold for shore-based 
reuse (e.g., heating fuel) 

1. Membrane purification 
2. Integrated biological/ 
membrane treatment 
3. Various other technologies 
1. integrated biological/ 
membrane treatment 
2. Combine with/o8y 
water for treatment 
1. IntagraiBd biological/ 
membrane treatment 
2. Combine with gray/Mack 
water for treatment 
1. Combine with gray / black / 
dly water for btologrcal/ 
membrane treatment 
2. Other destruction 
technologies    • 
1. Steam sterlize / hold / off-load 
1. Segregate / hold / off-load 

PRIMARY  SOURCE   REDUCTION: Reduce ship's complement 
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,• TABLE 4 
POTENTIAL FOR WASTE REDUCTION 

LIQUIDS 
OSy water 

VWMiOl 

Back Water 

Hszsidous 

Matficat 

SOLIDS 

Paper 

Food 

Metal 

Gass 

Trash 

mM^mmm 

NEW WASTES 
Akjrtnum 
Btobegradabta 

ptasdct 

Ship's complement wdudon by 
Sveraga 10% through 2005 

Segragatlon 
Impxjved Seal Technotogy 

OB/iwtercegragation 

Increoscd uaa of eductorB 

NewMBterlaia 

Segregation 
On Board Sterilization 

Aitamaia Materials 
(i^, giass^aiuminum containers) 

Bullr Packaging 
Use of Btodegnuiabte Plastics 
Net Pretjatte Effect 

BUk Packaging 
RaodSharino 
Net Protebto Effect 

PorSon Managemgnt 
Houeekeeping 
Net Probable Effect 

BUk Packaging 
Reduced metai-wotkino operations 
Oonvareion k> metal frorn plastic oontainen 
Net Probable Effect 

Conversion from ptastic to glass oontalnere 
Bulk Packaging 
Net Piobabie Effect 

ConvBrelon to containera 
CorvBrelon of pactcaging/ytensits 

10% 

-10-20% 

-10-20% 

No Change 

-10% 

+ 25%(Soiicls) 
0        (Uquds) 

No Change 

-25-36% 

-10-25% 
•10% 
-20-30% 

-5% 

-10% 

-5% 

+ 10% 
-S-+10% 

1-6% 
•5% 
>0-6% 

No Change 

+10% 
+ 15-30% 

SOURCE:       NATO 
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TABLE 5 
TREATMENT  TECHNOLOGIES 

FOR SHIP-BOARD LIQUID WASTES 

Gray Water 

•^ 
Blade Water 

Oily Water 

Waste OD 

Medical Waste 

Hazardous Waste 

UMflMflon 
Biological DegraoatJon 
Integrated Hologlcal/MentxanEf 
Evaporation 
Activated Cartxxi Adsorption 
Oxidation (BectrochemicaJ. supercritical water, 

ultraviolet) 

uitrafiHreUon 
Biological Degradation 
integratBd Bloiogioal^fembrane 
Evaporation 
Ultraviolet stanBzation 

Ultrafiltration 
Nanoditraiion 
Biological Degradation 
Integrated Biological/ Membrane 
Microwave evaporator 
Activated Cartjon Adsorption 

Incineration (thermal, piasma arc, catalytic) 

Sterilization 
incineration (plasma arc, catalyni:, thermal; 

Microwave oxidation 
Activated Carbon Adsorption 
Biological Degradation 
indnsiatton (Thermal, catalytic) 
Oxidation (Supercritical, electrochemical) 

TABLE 6 
ZENON ULTRAFILTRATION UNIT PERFORMANCE 

ON OILY OWS DISCHARGE WATER 

ai & Grease (POG)        1540     mg/L 

Total Suspended 
Solids (TBS) 

50-100 mg/L 

50% 
75 
90 
95 
95 

-116 
110 

90 

0.7    mg/L 
0.9 
1.3 
1.8 
<1 
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TABLE 7 
ZENON MEMBRANE UF/OWS PERFORMANCE 

ON SYNTHETIC BILGE WATER 

^H«igli %^mteMmm* 
0D4GreaM(P0G)      >lQao   mgA. 

Total 8u&pendad 
Soikfc(TBS) 

.MO mgA. 

50% 
75 
90 
95 
95 

BLQE WATB) COMPOSmON: 
rteval DtsfiBate 50° mg/L 
LuMcatk^ 09 S00 nrgd 
ACTestdust 460 mg/L 
Carbon dust SO mgrt. 
aeantreak 100 mg/L 
Oanvex 80 mgfl. 
CLR 20 mg/L 
Sajt 18,000 mgfl- 

66 
65 
120 
120 

1.6 
2.1 
2.0 
2.1 
<2 

mg/L 

ZenoGem1 
TABLE 8 

PERFORMANCE ON GRAY WATER 

Biochemical Oxygen 
Demand (BODs) 

OO&GreaasCPOQ) 
Total Suspended 

So6(J8(TB8) 
Chemical Oxygen 

Demand (COD) 
Fecal Cotiftxms 
PH 

137-2,616 mg/L 

101-469 mgA_ 

304-7.838 

100-10,000 CFU/100 ml 
5.7-11.2 

2.2 

<1 
0.6 

30-200 

<2 
6.8-7.8 

50 

5 
50 

None 

200 
6-9 

Soiree: U.8. Navy, Canadian Navy 



SEP-e5-1995  15:35  FRQM HU FLEMING TO 14102932530  P.15 

TABLE 9 
ZENON  ULTRAFILTRATION  UNIT PERFORMANCE 

ON BLACK WATER 

Biochemical Oxygon    900-1200    mg/L 50% 95 480 mg/L 
Demand (BOD5) 75 90 550 

90 78 690 
Total Suspended         600-800 mgn. 

SofidsCTSS) 
90 <1 mg/L 

QI&GreaaB(POG}       4O50    mg/L 90% <2 mg/L 
MicroWfllLoadaPO    O^E-UX^CFUArt 90% 5X103 

Source:           Canadian Navy 

TABLE 10 
INTEGRATED GRAY / BLACK / OILY WATER 

TREATMENT BY ZenoGem• 

Biochemicai Oxygen 
Demand (BODs) 

08 & Greoae (FOG) 
Total Suepended 

SOW* (TBS) 
Total Sends (TS) 
Chemical Oxygen 

Demand (DOD) 
Mcroual Load (TPC) 
pH 

987-1,115   mg/L 

40-50 
640-800 

mg/L 
mg/L 

2000-2.275 mg/L 

0.02-1.7 X109CFU/m 
6-12 

<5 

3 
<1 

79 

1.7-&9X103 
85-8 

93 
>99 

96 

>g9% 

Source: CanadanNavy 
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FIGURE 1 
SHIP-BOARD LIQUID WASTE GENERATION 

(NATO AVERAGE) 
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FIGURE 2 
NATO SHIPS' PERSONNEL DISTRIBUTION 

BY MEMBER NATION 
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GRAY 7 BLACK WATER GENERATION PROFILE 
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FIGURE 4 
NATO STRATEGY TO ACHIEVE 

ENVIRONMENTALLY SOUND SHIPS 
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FIGURE 5 
OILY WATER ULTRARLTRATION SYSTEM 
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FIGURE 6 
ZENOGEM• SYSTEM 
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FIGURE 7 
U.S. NAVY GRAY / BLACK WATER TREATMENT 
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Photo Courtesy of U.S. Naval Surface Warfare Canter 



U) 

FIGURE 8 
FULLY INTEGRATED LIQUID WASTE TREATMENT 
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FIGURE 9 
INTEGRATED GRAY / BLACK /OILY WATER TREATMENT 

BY ZENOGEM1" SYSTEM 
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FIGURE 10 
GRAY WATER CONCENTRATION WITH INTEGRATED 
WASTE WATER TREATMEm- (ZENOGEM• SYSTEM) 

I 
ID 

(Jl 

r^ 
Gray Water 

Black Water 

Oily Water 
Sludge 

(Overboard Dlapoaal) 

<"- ^wr^ 
g 
P 

tn 

ro 

ru 
ui 

S 

ro 



A Revolution in 
the Shipping of 

Higher Value Goods 
by Sea 

Using Supply Chain 
Logistics 

FUSTSHIP 
TM 

Thornycroft. Giles & Co.. Inc. 
FastShip Atlanlic. Inc. 



CONTENTS 

liilrodiKiioii..... ..:.. 1 

The Deep Sea Applicalion.^....^ •2- i 

The Semi-Planing 
IMonoliuli Technology ...... .. 3 

1 nsiShlps Seakeeping 
Characlerisllcs.......................... 4 

FastShip Cargo Handling— 
The Alicon Syslem  6 

lastShip Atlantic 
Economics  7 

FastShip Atlantic 
IVlarkel  . 9 

FastShip 
Service Concepts f 0 

The Future 
Development of FastShip .......... 11 

FastShip Atlantic 
Fin 

TSTSHIF 
TM 

September 1995 

The terms FastShip and Alicon are registered trademarks, the properly of Tliornycroft. Giles & Co.. Inc. 



In an effort to become competitive on a global scale, manufacturers 
have invested heavily, in refining their production processes. These 
refinements involved substantial capital expenditures in order to 
produce relatively small improvements in margin. Over the last few 
years the more sophisticated manufacturers have come to realize that 
investment in improved logistics has a greater potential than investment 
in plant and equipment to impact a company's competitive stance and 
thereby contribute significantly to profitability. 

In both Europe and continental North America, sophisticated 
land-based logistics systems have developed rapidly, particularly in the 
retail sector. In terms of intermodal logistics involving sea transit, 
however, little progress has been made. A significant incompatibility 
remains between the technical and service requirements of the 
logistics-oriented manufacturer and the present service levels available 
from the current ocean liner services. 

On the basis of over 15 years of related development in smaller vessels, 
Thornycroft, Giles & Co., Inc. (TGC), a Virginia-based corporation, is in 
the final stages of development of the FastShip project, which uses a 
patented, semi-planing monohull technology and Alicon loading system 
to provide an advanced intermodal logistics system for containerized 
cargoes on both deep sea and short sea route structures. 

FastShip is a system that has the ability to revolutionize the world of 
international logistics by integrating the world's sea lanes into door-to- 
door logistics systems. Hence, it has been described as the most 
significant development in ocean shipping since containerization, and 
arguably since the advent of the steam engine. 



FAS 

FastShip has applications for both deep sea and 
short sea routes. In the conventional deep sea 
markets the shipper has two distinct modal 
choices—air and sea. Air freight is efficient and 
time effective, but very costly, while sea freight is 
slow and inexpensive, yet unreliable. FastShip 
offers a third modal choice by creating a middle 
market service which Is competitive in door-to-door 
transit times with air freight but with a cost 
structure which is close to that of sea freight. 

Today the majority of air freight on the Atlantic 
takes up to 5 days for door-to-door service. (The 
average dwell time alone at JFK Airport is 3 days.) 
With respect to ocean transport, it is possible for 
the most efficient shippers to achieve a door-to-door 
transit time of 15 days, assuming an 8-day Atlantic 
sea crossing. However, given the extraordinary 
unreliability of existing vessel schedules, most 
manufacturers budget for door-to-door transit times 
of between 21 and 35 days. 

FastShip combines a faster and more reliable 4 day 
sea transit with enhanced terminal handling 
capabilities geared to provide an integrated door-to- 
door service that is analogous to today's package 
express service provided by companies such as 
Federal Express or DHL. The difference is that 
FastShip uses the standard ISO 40 ft. or 20 ft. 
container as the "package unit." 

The FastShip system is designed to achieve an on- 
schedule arrival reliability of well in excess of 95%, 
even in winter sea conditions, thus allowing door- 
to-door service guarantee levels that are consistent 
with the package express ethos. 

FastShip's first deep sea application is planned for 
the North Atlantic, offering three-times-a-week 
service in each direction between Philadelphia and 
Zeebrugge, Belgium, thus allowing a door-to-door 
transit time between mid-Europe and Midwestern 
US of 5 to 7 days. The service will use the TG770 
vessel—a derivative of the FastShip technology. 

High 

Freight 
Rate 

Low 

Slow 
Door to Door IVanaH 

Fast 

FastShip will capture the huge "middle market" between air and conventional 
sea freight. 



THE SEMI-PLANING MONOHULL TECHNOLOGY 

The design of conventional cargo vessels is such 
that they cannot adequately cope with adverse 
weather conditions nor make up time lost in port or 
at sea. TGC's semi-planing monohull technology7, 
which has been applied in over 1,000 vessels that 
have been built to date, allows FastShip to achieve 
higher service speeds and to maintain those speeds 
in weather patterns where conventional vessels are 
forced to slow down. 

In the stern of a conventional vessel, an area of low 
pressure builds up as speed is increased. This low 
pressure area causes the vessel to squat by the 
stern, producing an exponential rise in residuary 
resistance. The conventional vessel is therefore 
speed limited irrespective of the power applied. 
With FastShip, the different hull geometry creates 
an area of high pressure at the stern causing the 

stern to lift slightly, thus avoiding the increase in 
residuary resistance and allowing considerably 
higher speeds to be achieved on a given hull size 
when compared with conventional vessels. 

The vessels that have been built over the last twenty 
years using FastShip type semi-planing hull forms 
have been considerably smaller than the 
commercial vessels now contemplated and have 
relied on diesel engines and conventional propeller 
propulsion systems. In order to fully exploit the 
higher speeds possible with much larger iterations 
of the FastShip design, higher horsepowers are 
required. It is only in recent years that the marine 
gas turbine and water jet propulsor technologies 
have adequately advanced to provide the necessary 
power packages for commercial cargo operations to 
be viable. 

FastShip's unique semi-planing monohull creates lift at the stern, allowing it to cross the Atlantic at 
speeds of 35 to 40 knots. 



PASTS   HIP'S S   E   A   K   E   E   P CHARACTERISTICS 

In a commercial application, FastShip's sea keeping 
capabilities in adverse weather conditions are even 
more important than high speed. The build up of low 
pressure in the stern on a conventional vessel 
creates a lifting moment in the bow causing the 
vessel to slam in bad weather, adding up to 40% to 
the vessel's resistance. The only way to reduce 
slamming is to slow the vessel down. 

A typical 22 knot container vessel will be forced to 
substantially reduce speed in 4 meter (12.5 ft.) 
significant wave heights. The probability of this 
condition occurring on the North Atlantic is greater 
than 10%. In contrast, the high pressure induced in 
the stern of FastShip significantly dampens any 
propensity of the bow to lift, almost completely 
eliminating the incidence of slamming, even in wave 
heights of 25 ft. and greater. The added resistance 
for the TG770 FastShip hull in the North Atlantic in 
a 25 ft. sea at speeds of 40 knots is only 5%, 
causing a speed penalty on the vessel of only 0.5 
knots, compared to 40% added resistance and speed 
penalties of 10-15 knots for conventional ships. 

The FastShip hull form has been subjected to an 
extensive series of tank and open sea model tests 
over a period of 15 years. The performance of the 
smaller vessels built to the same hull concept have 
been monitored and numerous computer simu- 
lations have confirmed the performance of FastShip 
in the Atlantic wave spectra. Work at SSPA in 
Gothenburg, Sweden, and the Massachusetts 
Institute of Technology's Department of Ocean 
Engineering has conclusively demonstrated the 
vessel's performance to be exceptional and has 
confirmed its ability to maintain 40 knots in seas 
with significant wave heights of 22 feet. 

In the North Atlantic during winter. 6 meter (22 ft.) 
seas will only be exceeded 3% of the time, giving the 
FastShip TG770 a speed reliability factor better 
than 97%. compared with no more than 86% for a 
conventional vessel. The gap in service reliability, 
however, is actually considerably wider than these 
numbers would suggest, since the speed penalty for 
a conventional ship is a function of the duration of 
the severe weather, and a conventional vessel has 
no ability to regain schedule through improved 

20 30 40 SO 

Maximum Speed (knots) 
60 

FastShip will travel through significantly higher waves than 
typical freighters, with virtually no loss of speed. 

12 14 16 J8 20 22 

Signfflcait Wave Height (tU 

FastShip will easily operate in the worst seas it is likely to 
encounter on the North Atlantic. 

terminal operations or the application of more 
power. The very small speed penalty incurred by 
FastShip even in severe weather conditions is such 
that it can be programmed into the schedule and 
eliminated through route planning. 

It is the vessel's arrival reliability which is crucial in 
the logistics chain. Statistics of port arrivals 
conclusively demonstrate the cascade effect of 
weather and terminal difficulties over a period of 
time. Figures for US East Coast ports between 
February and July 1994 show that on average less 
than 50% of the vessels arrived on the same dav 
that they were scheduled. The market leaders 
(Lines A & B) are no more reliable than the smaller 
carriers. This low level of reliability prevents deep 
sea cargoes from being incorporated Into the newer 
logistics driven land based distribution systems. 



As a result, the whole sea freight system has been 
allowed to degrade to the point where the average 
dwell time for a loaded inbound container on the 
U.S. east coast is 6 to 8 days. 

Typically, when schedules are threatened vessels 
will be ordered not to call at the lower volume ports. 
During the early months of 1995, a major line 
operating a weekly service did not call at Boston for 

a period of six weeks. The major trucking and 
logistics companies cannot afford to come into the 
ports to pick up cargo with the current low level of 
vessel reliability'. Therefore, there is a tendency for 
the containers to be drayed to a local stripping or 
storage terminal before the goods are shipped 
inland, which considerably increases the costs and 
time involved in the overall door-to-door cycle. 

INDUSTRY 
LEADERS 

MAJOR 
LINES 

SECONDARY 
LINES 

On average, the major shipping lines arrive at their first U.S. east coast port on the same day as scheduled less than 
50% of the time. 



FASTSHIP  CARGO  HANDLING  -  THE  ALICON 

The FastShip hull form overcomes the question of 
schedule reliability of the vessels. This brings into 
focus the other main problem facing the container 
shipping industry today—the relative inefficiency of 
the port handling systems. Conventional container 
handling systems are both slow and costly, involving 
multiple handling of the containers and high capital 
investment in the terminal. 

In the case of the 1416 TEU TG770, conventional 
port handling systems would require a 24-hour 
turn around time, representing more than 25% of 
the 97 hour ocean transit time. In order to reach 
acceptable vessel utilization levels, it was 
necessary for TGC to develop a new handling 
system, known as the Alicon system. In its current 
design format, the system provides a turn around 
time of less than 5 hours with an estimated per unit 
cost that is less than 60% that of a conventional 
system. The design target is eventually to achieve a 
turn around time of 3 hours with further reduction 
in costs. 

The Alicon system uses a simple frame, the Alicon 
unit, capable of carrying two forty-foot or four 
twenty-foot containers in a double stack config- 
uration with a total load of up to 52 tons. The Alicon 
units are connected into trains and ride on air 
bearings, mounted at each corner, which lift the 
Alicons 60mm off the ground to provide a near 
frictionless all-weather transit medium. The trains 
are propelled along a guide rail by tugs that are 
similar to aircraft tugs except that they incorporate 
the air compressors that supply the air to the air 
bearings. 

The Alicon trains simultaneously stern load and 
unload the covered cargo decks of FastShip over a 
link span. Hazardous cargoes are stowed in four 
special isolated compartments which are designed 
to contain an emergency, such as leaking 
containers. Therefore, the requirement of jettisoning 
hazardous cargoes is obviated. 

The Alicon unit is mechanically very simple with 
few moving parts. In the event of failure, the air 
bearings can be changed in a matter of minutes 
without unloading the Alicon unit. Air bearing 
technology has been extensively used in heavy 
industry for moving large components for over 15 
years. 

Containers are secured to the Alicon unit using 
conventional twist locks on 20ft or 40ft ISO corners. 
The Alicon units are secured automatically on board 
the vessel using a braking system. 

An Alicon test facility has been built at the Port of 
Gothenburg, Sweden, and two full scale Alicon units 
have been tested up to full load in extreme winter 
conditions. 

The Alicon system is designed to reduce the number 
of times that a container is handled. The system 
provides for the container to be taken directly from 
the port gate to its preassigned Alicon unit by truck 
or rail car. On arrival at the Alicon unit the 
container is directly transferred on to the unit by a 
transtainer crane. In this way the container can be 
handled only once in any terminal. Using the Alicon 
trains, the, vessel can be worked at a rate of up to 
500 moves per hour compared with a conventional 
lift rate that will rarely exceed 125 moves per hour. 
The terminals are designed for all cargo to be clear 
of the gate within 6 hours of vessel arrival and allow 
for the arrival of priority cargoes up to 30 minutes 
before departure. In this way terminal delays are 
substantially reduced. With the very much quicker 
handling times in the terminal, the Alicon system 
ensures that the value of the quicker sea passage is 
preserved and enhanced and a radically improved 
door-to-door intermodal logistics system becomes a 
reality. 

Although highly mechanized, the Alicon terminal is 
not only many times more efficient but also very 
much more economical that its conventional 
counterpart. The land area required for the Alicon 
terminal is about one-third and the construction 
cost is about one-fifth of a conventional terminal. 

The Alicon terminal will be able to clear all cargo in less than 
six hours. 



The combination of the FastShip hull form and the 
Alicon terminal system provides the first real 
opportunity to integrate marine transit into existing 
land based logistics systems which will create a fast 
and seamless logistics chain between Europe and 
the US on a door-to-door basis. It is proposed that 
FastShip Atlantic, Inc. will inaugurate the Atlantic 
service during 1998 with three sailings per week in 
either direction between hub terminals in 
Philadelphia and Zeebrugge. The initial sea transit 
time will be 4 days, supporting a door-to-door 
transit time of 5 to 7 days, dependant on inland haul 
distances. 

In the past the shipper's emphasis when negotiating 
contracts has been on lowering the individual box 
rate. Rates have often been negotiated that were 
less than the terminal handling costs. The shipping 
companies responded to the downward rate 
pressure by building larger ships to lower unit costs, 
but at the expense of service levels. The pursuit of 
lower costs has now developed to the point where 
the maritime industry is totally incapable of 
addressing the needs of senior executives and 
transportation managers, who now understand the 
true cost of a lengthy supply chain. 

In the meantime, the ship owners' strategy has led 
them towards larger and larger vessels, even though 
the reduction in operating costs from this strategy 
are marginal. The move from 3,500 TEU to 5,500 
TEU vessels saves only 12% of ship operating cost. 
These larger vessels bring inflexibility, reduced 
frequency, fewer port calls, increased congestion, 
lower service levels and higher capital investment in 
the ports which are unlikely to be covered by the 
savings in vessel operating costs. 

The bigger vessel concept in most cases is simply 
incompatible with the requirements of the shippers 
who are now focused on supply-chain management, 
sometimes called the "cash-to-cash pipeline." 
Manufacturers increasingly require inventory to be 
held by their suppliers and to move finished product 
to market as quickly as possible. FastShip impacts 
a manufacturer's cash-to-cash pipeline in three 
significant ways. 

• At the stocking point, the replenishment cycle and 
the safety stock requirements are reduced as a 
result of lower transit times and improved 
reliability, providing lower inventory levels. 

• In transportation, there is a direct benefit through 
the reduced time of the sea transit and the more 
effective port handling system to provide a much 
reduced door-to-door time. 

• Improved frequency and cycle times can be readily 
translated into a simplified manufacturing and 
distribution systems. 

Take the example of a manufacturer shipping 10 
FEU per week on the Atlantic with an average value 
of $150,000 per box. Using FastShip. the door-to- 
door transit time can be reduced from 21 days to 7 
days, allowing a reduction in stock levels from 28 to 
16 days. The effect of the reductions achieved 
through using FastShip would be a one-time release 
in working capital of $5.6 million and a reduction in 
annual carrying costs of $1.1 million. The savings in 
annual carrying costs alone are approximately equal 
to the shipper's entire current annual freight costs. 
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FastShip allows transportation managers to significantly shrink trans-oceanic supply chains. 



By reducing inventories, FastShip creates substantial value for shippers. 

If these savings are translated into a per unit basis, 
the shipper frees up $2,144 per box which more 
than adequately covers the premium over the 
current rate which FastShip may seek for Its value 
added service, without even taking Into con- 
sideration the one-time release of capital. These 
savings, however, only take Into account the direct 
economic benefits. In addition, there are the less 
easily defined benefits that accrue from market 
stimulation and improved customer service. 

One of the companies that has been working closest 
with FastShip on improving its logistics pipeline is 
Volvo. Volvo Is able to source and manufacture a car 
in 7 days, but today it takes between 25 and 42 days 
for that car to reach Volvo's most Important market, 
the United States. It is Volvo's aim to build all Its 
cars to customer order. Using FastShip, Volvo will 
be able to source, manufacture and deliver a car to 
a customer within 14 days of order. That car will be 
built to the customer's exact specification, chosen 
from as many as 5,000 variants on a single model 
platform. The cash savings In inventory are 
enormous but, more importantly, the faster logistics 
allow for a completely new sales technique and 
remove the problems and expense of car relocation 
and inventory discounting that occurs today. 

Throughout the commercial world, product life 
cycles are being shortened all the time. The 
proliferation of new products and product families 
are dramatically affecting the management of 
inventory. Competition is now conducted not so 
much between companies as between supply 
chains. The cost of obsolescence or product non- 
availability can be devastating to the manufacturer 
in terms of lost sales, shelf space and goodwill. 

FastShip will provide a totally new level of service 
that provides substantial added value to Its 
customers not only through enhanced cash manage- 
ment but also through its ability to bring about 
wholesale changes In marketing and manufacturing 
processes. 

Because FastShip creates value, shippers will have 
an economic incentive to pay a premium over current 
ocean rates. 



FastShip has developed a Value Creation model to 
evaluate the potential application of its services to 
a particular customer. The FastShip model, while 
conservative in its assumptions, shows that 
conventional sea freight can mount no meaningful 
competitive response to the FastShip Service on the 
Atlantic for higher value or time sensitive goods. 
Furthermore it shows that goods with a value in 
excess of $6,000 per ton, some 25% of today's 
containerized traffic, would have a natural 
preference for the FastShip service. 

When this same model is run to establish the 
natural preference of air freight, the model 
demonstrates that 97% of air freight cargo would 
have a preference for FastShip's semce. Even if air 
carriers reduced their rates from the current 
average of 60-80(!;/lb. to 45Mb, 95% of air cargo 
would still be more economically served by 
FastShip. 

The model also clearly demonstrates the market 
requirement for an additional modal choice for 
reasons quite apart from inventory and cargo value. 
FastShip will attract lower value cargoes where 
there are other time sensitivities and marketing 
factors involved. An example is the fruit and 
vegetables trade. The shelf life and ripening 
characteristic of fruit have a major impact on the 
logistics chain. Today's limited modal choice 
requires large quantities to be flown, subjecting the 
product to a number of temperature and pressure 
cycles in transit that detract from its shelf life. The 
FastShip service will allow the product to be 
shipped in insulated boxes with a totally controlled 
environment from the packaging state to store, 

substantially reducing wastage and improving 
product shelf quality—all at approximately one-third 
of the cost of air freight. 

The Center for Transportation Studies at MIT has 
been asked to validate FastShip's economic models 
and have found them conservative in their 
assumptions. The MIT study points to a very 
substantial latent demand for FastShip with goods 
that are of low to middle value ($20,000 to $60,000 
per FEU) with a short product shelf life (10 to 45 
days), high perishability (decay parameter of less 
than 2 and a salvage value of less than 30%) and a 
medium to high elasticity of demand. 

FastShip also has the ability to create new markets 
—markets where air freight is prohibitive from a 
cost point of Mew and sea freight is too slow. In 
estimating the amount of new cargo which FastShip 
service will stimulate, the analogy between 
FastShip and air express package service is 
compelling. A study undertaken by Boeing in 1991 
showed that when air express service first started in 
the 1970's, it captured the bulk of its cargo through 
diversion of freight from traditional air freight 
carriers. By 1981, however, overnight service 
exploded into double-digit growth. Of that growth, 
over 50% came from the stimulated market; i.e., 
freight which never existed until the advent of the 
overnight express service. Since two most important 
features of express service—increased speed and 
reliability—are also the hallmarks of FastShip 
service, one can readily conclude that FastShip will 
have a similar stimulative effect on containerized 
cargo. 



In the context of a global market, customer loyalty 
is a necessary target that can only be achieved 
through quicker response times and higher service 
levels. The consumer is developing ever higher 
expectations which must be catered to by customer 
driven management practices. The FastShip service 
will provide a management tool to reduce 
replenishment cycles, provide improved response 
times and release working capital that can be 
redeployed to further improve customer response 
capability. The FastShip system is also able to 
permit improvements in manufacturing processes, 
further enhancing the shipper's ability to respond to 
consumer needs. 

On the Atlantic service, the FastShip objective is 
simply to provide a higher level of customer service 
at a price that is competitive. To achieve this, the 
FastShip concept must fit into a number of different 
operating scenarios. FastShip is not designed to 
change the existing logistics partnerships between 
a manufacturer and its forwarder or trucker. 
FastShip will not necessarily provide door-to-door 
service for all customers. FastShip's EDI (Electronic 
Data Interchange) systems will be be designed to 
connect into the shipper's own systems or those of 
its chosen forwarder, trucker or NVOCC (Non Vessel 
Owned Common Carrier) partner. FastShip and its 
land-based logistics partners will be capable of 
responding to the customer's needs and to carry out 
that portion of the door-to-door transit that the 
customer requires. 

The FastShip concept is very similar to that of the 
package express companies. Simple waybills will be 
used with pre-clearance of customs on the vast 
majority of consignments. On-line traceability will 
be provided to larger customers providing a much 
greater degree of information than is customary in 
sea freight. Cargo will be booked by the shipper or 
one of its logistics partners. Generally, FastShip will 
embrace much simpler procedures than those that 
have been inherited from the previous generation. 

FastShip Atlantic is first and foremost a service 
provider, not a ship owner. Its prime objective is to 
develop long-term partnerships with its customers, 
where FastShip is accountable for service levels and 
is viewed as an integral part of the customer's 
logistics chain. The primary emphasis must be on 
long-term relationships geared towards providing an 
efficient, reliable and cost-effective logistics system. 
In this way, FastShip is able to build a global 
network based on offering an entirely new and 
flexible third modal choice in the same way as the 
package express business has integrated itself into 
management practices throughout the world. 

The concept of Supply Chain Management will play 
an increasing part in corporate strategy in the 
future. Gone is the philosophy of price minimal- 
ization. Instead, distribution efficiency is now 
viewed as a strategic competitive tool. FastShip, 
through its reliable replenishment capability, will 
allow its customers substantial cost savings by 
eliminating one or more layers in their distribution 
system. 
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THE U   R   E        D   E   V M   E   N   T        O   F        F   A   S   T   S   H 

FastShip has many potential applications 
throughout the world. The Atlantic service is 
expected to grow from an initial three services a 
week to a daily service within a few years of start 
up, thus creating a true logistics pipeline. 
Discussions have already been initiated with 
prospective Asian partners for a FastShip Pacific 
service which will then permit the three major 
trading blocks of the industrialized world to be 
linked by FastShip service. By using a dedicated 
rail-based North American land bridge, FastShip 
will be able to offer a door-to-door service between 
Europe and the Far East in 14 days compared with 
the current 28 to 36 days. 

The feeder and short sea opportunities for FastShip 
are numerous. In Europe, the potential Gothenburg 
to Zeebrugge service could serve as a benchmark 
for many other intra-Europe services, such as 
between the UK and the European continent and 
between Scotland and the South East U.K. On a 
wider European front, discussions have been 
initiated with the European Commission in Brussels 
on the concept of a round-Europe service to provide 
competitive semces between the Iberian Peninsula, 
Northern Europe and Mediterranean points. The 
cost of setting up such semces is seen as minimal 
compared with the proposed infrastructure costs for 
road and rail systems within Europe. These FastShip 
services would have the ability to link the UK and 
Spain in less than 12 hours, Finland and Germany in 
21 hours, Greece and Italy in 18 hours and Greece 
to Northern Europe in less than 4 days. These 
services would be highly competitive in terms of 
cost and time with both road and rail during a period 
when both the costs and congestion of road and rail 
are expected to rise substantially. 

Discussions are in the initial stages in many parts of 
the world that in time have the capability to develop 
into a world wide network of deep sea and feeder 
systems. In all cases, time effective logistics 
systems are the key. The FastShip and Alicon 
systems allow for the rapid and low cost transfer of 
cargo between services which allows an under- 
utilized transportation asset, the sea, to finally be 
included in the emerging logistics driven revolution, 
leading to a proper intra-continental logistics chain 
concept. 

Traditionally, the shipping industry has suffered 
from over capacity, the end result of which has been 
the reduction in service levels to below acceptable 
limits. With FastShip's extensive patent protection, 
the development of a worldwide system can be 
properly managed to avoid the pitfalls of over- 
capacity for the owner and the consumer. 

In 1973, Federal Express was launched with an 
overnight letter delivery service that met the speed 
and reliability needs of a new generation of business 
managers. Today, Federal Express, with an annual 
lift capacity of 4.5 billion ton miles, delivers over 
one million shipments daily. But it is only one of a 
number of global players in a major industry that 
has radically changed the way the majority of 
companies conduct their business. FastShip now 
has the ability to stimulate the shipment of 
containerized goods that are high valued and/or 
time sensitive in exactly the same way. 
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FASTSHIP  ATLANTIC HANGING 

The seed capital required to launch FastShip Atlantic service was 
obtained In mid-1994 through stock offerings in the amount of $11 
million from the Delaware River Port Authority, Thornycroft, Giles & Co., 
Inc. and a group of private investors located in the Philadelphia area. 

In order to provide 3 times weekly service in both directions, FastShip 
Atlantic will require an initial set of 4 ships. At an estimated price of 
$175M/shlp, the total cost of the first ship set will amount to $700M. In 
addition, the Company will require approximately $100-125M of 
working capital to begin operations, for a total financing package of 
approximately $800M. The expected sources of this financing are 
outlined below. 

Amount 

$600M 
100M 

100M 

$800M 

Type 

Senior debt 
Subordinated debt 

Equity 

Source 

MARAD Title XI Program 
Vendors, shipyard, other 
Investors 
Private investors through 
private placement 

The closing on this package of financing is expected to occur during the 
second quarter of 1996. 
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NAVY HIGH-PRESSURE WATERJET 
CLOSED-LOOP PAINT STRIPPING SYSTEM 

John Williams, Navy Program Manager (U.S. Navy Initiative) 
Naval Surface Warfare Center, Cardreock Division, Bethesda, Maryland 

Robert M. Rice, Sr. Project Engineer 
United Technologies, Waterjet Systems, Inc., Huntsville, Alabama 

ABSTRACT 

The marine refurbishment industry currently 
utilizes abrasive blasting for hull coatings removal. 
These processes generate extreme amounts of 
waste material, which must be contained and 
disposed of properly. The cost of containment, the 
hazardous work environment and the amounts of 
hazardous waste produced are all significant 
disadvantages of the existing processes. 
Additionally, environmental regulations and safety 
standards are being introduced which demand new 
techniques for marine coatings removal. 

In light of these factors, the U.S. Navy's 
Naval Surface Warfare Center - Carderock 
Division entered into a joint initiative with the U.S. 
Air Force to introduce an alternate paint and 
marine growth removal method, including 
complete effluent recovery at the source. This 
system, using only high pressure water, is semi- 
automatic and mobile. The system can operate 
independently in a dry-dock without external 
utilities. In the end, the system will eliminate the 
current problems associated with coatings removal 
and reduce the overall operational costs.- 

The contract for this work was awarded to 
Pratt & Whitney Waterjet Systems in June 1993. 
The work discussed is funded by the Navy under 
Air Force Contract F33615-91 -C-5708. 

BACKGROUND 

In today's demanding and competitive marine 
refurbishment industry, new technologies are 
needed to replace existing blasting methods 
(Figure 1). 

These methods are either too costly to 
continue or being totally banned or restricted by 
environmental regulations such as the Federal 
Water Pollution Control Act and the Water Quality 
Act of 1987, the Clean Air Act and the Clean Air 
Act Amendments. 

Marine refurbishment, however, presents 
complex technical challenges and environmental 
issues because of the unique work environment. 

Figure 1 Typical Shipyard Hull Blasting 

Environmental issues are working against the 
continued use of current grit and sand blasting 
technologies. These issues are primarily related to 
release into the air or water and disposal of the 
heavy metals used in marine coatings: copper, 
cadmium and lead. 

The technical challenges are formidable in 
scale (encompassing both shipyard and drydock 
operations) and in effluent containment (where 
virtually 100% containment is the only acceptable 
standard). To this end, the USAF and USN have 
combined to produce a Waterjet Demonstration 
System for use in Naval and commercial 
shipyards. 

The goal of this project is to integrate lab- 
demonstrated, custom-designed and off-the-shelf 
hardware into a prototype system to demonstrate 
complete removal and recovery of marine coatings. 
The project has been through design, fabrication, 
verification testing and demonstration phases, 
removing paints from active Navy ships. The 
prototype demonstration system is now being 
slated for production work on active Navy vessels. 
The system was designed as a dual-use system to 
provide as much benefit to the commercial 
shipbuilding industry as it will to the Navy. 



SYSTEM DESCRIPTION 

The system (Figure 2) is totally mobile and 
self contained for drydock, shipyard or harbor 
operation. Basic system elements include a high- 
pressure water pump, a teleoperated transporter 
with a 5-axis telescoping arm, a 6-axis manipulator 
with specialized end effector, a recovery process 
trailer, and a system remote controle console. 
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Figure 2 Coating Removal & Recovery System 

The end effector incorporates a 6-inch-wide 
waterjet nozzle in a frame designed for precise 
application of the waterjet energy against the side 
of a ship. Stripping paths are mechanically guided 
by the frame. The end effector has the ability to 
"comply" with the various surface contour 
variations typically encountered on ship hulls. It 
also incorporates an effluent-containment shroud 
around the waterjet nozzle and a strong vacuum to 
completely contain all process water and coating 
residue and transfer them to the water reclamation 
unit. 

For completely closed-loop operation, the 
system includes a modular water reclamation 
subsystem for water filtration and recirculation; the 
only waste product in waterjet processing is the 
removed coating and fouling. Finally, the entire 
system is completely mobile; it is transported on 
wheeled trailers. 

System Advantages 

The waterjet process is inherently superior to 
conventional marine coating removal methods, 
such as grit blasting, shot peening, sanding, 
chipping, scraping or brushing; it offers the major 
advantages listed below: 

• Paint is the only waste product, 
• No dust or airborne contaminants, 
• Requires no containment structures, 
• Does not subject workers or the environment 

to hazardous waste, 
• Very    effective    removal    of    surface 

contaminates such as salts. 

• Ability to selectively strip layers of a coating 
or entire coating in one pass. 

• Eliminates the need for respirators or masking 
of mechanical equipment, 

• Other operations can be performed in unison. 
• Leaves surface clean and dry, 
• Requires no cleanup after stripping, 
• Lower manpower requirements and higher 

paint-removal rates, 
• Allows repainting with no additional surface 

preparation, and 
• Meets   environmental   concerns   and   has 

potential for large cost savings. 

Subsystem Specifications 

The Navy Waterjet Demonstration System 
(Figure 3) consists of an end-effector subsystem 
(nozzle, effluent-recovery shroud, nozzle rotation 
drive, and controls), a high-pressure pump, an 
effluent-recovery and water reclamation system, a 
manipulator and transporter, all on compact mobile 
trailers for maneuverability in shipyard areas. 
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Figure 3 Mobile, Self-Contained 
System (11 Axes) 

End Effector Subsystem 

The end effector subsystem (Figure 4) is a 
self-contained nozzle and shroud assembly with a 
hydraulically controlled, 15-cm (6-inch) wide 
stripping nozzle. Controls are included for nozzle 
standoff distance and compliancy (mating to the 



coated surface contour) for complete effluent 
capture. 

Figure 4 End Effector with 
Standoff Control Device 

Nozzle. The Even-Energy• nozzle contains 
more than 20 laser-drilled industrial-sapphires 
orifices, of varying sizes and placement; the 
sapphires provide long life, and the size and 
placement provide even energy distribution. The 
nozzle body does not wear out from water flow; 
the orifices in the nozzle body are the only 
consumables. Nozzle orifices are easily changed- 
out with a common Allen wrench and the nozzle 
body is easily removed with adjustable wrenches. 

Vacuum Recovery Shroud. A unique 
vacuum recovery shroud designed to capture 
virtually 100% of the process water, the suspended 
paint particles and the fouling residue. The 
vacuum shroud quickly removes all effluent so as 
not to diminish the stripping efficiency of the 
nozzle as it progresses along a hull or other 
surface. As it removes the process effluent, it 
simultaneously dries the substrate, leaving a rust- 
free surface. 

Compliancy and Standoff Control. A 
mechanical device is built into the end effector 
frame to control standoff distance to ensure 
optimal surface contact and efficient effluent 
capture over large variations of curved surface 
contours. 

Hydraulic Drive. The transporter's hydraulic 
power unit rotates the waterjet nozzle. It supplies 
hydraulic fluid to a motor in the end effector, 
which drives a high-pressure water swivel through 
a belt-and-pulley mechanism. Hydraulic power 
was selected over other drives because of its higher 
starting torque, accuracy and reliability. 

Manipulator Subsystem 

The manipulator subsystem (Figure 5) 
provides the interface between the ship surface 
and the end effector, which moves back and forth 
across the manipulator's 1.37- x 1.98-m (4.5- by 
6.5-foot) envelope at optimal standoff distance 
while maintaining contact so the vacuum recovery 
head can capture all effluents. 

Figure 5 Manipulator and End Effector 

Transporter Subsystem 

An off-the-shelf, mobile, telescoping 
transporter subsystem (Figure 6) accurately 
positions and repositions the manipulator against 
the ship, barge or other surface to be processed. 
The transporter is capable of reaching 18.3-m (60- 
feet) high with 360° continuous rotation. All 
process hoses and cables are routed along the 
boom. 

Figure 6 Transporter 

Remote Control Console. A console (Figure 
7) provides the operator a single point from which 
to control the transporter, manipulator, high- 
pressure pump and water reclamation unit. The 
console is mounted on a roll-around cart so it can 
be positioned for maximum operator convenience 
and visibility. 



Figure 7 Remote Control Console 

Auxiliary Power Generator. A separate 
power generator is provided on the transporter for 
operation of the manipulator and the remote 
control console. 

High-Pressure Pump Subsystem 

A high-pressure, dual-intensifier, hydraulic 
water pump (Figure 8) is carried on a separate 
small trailer. The pump supplies water to the end 
effector at the required high pressure and volume 
for the stripping operation. 

Figure 8 Mobile High-Pressure Water Pump 

The pumping unit is self-contained, diesel- 
powered, and ideally suited to the task of stripping 
thick, tough coatings such as anti-foulant topcoat, 
marine growths, and epoxy primer. It is capable of 
supplying water to the end effector at up to 37.8 
liters per minute (10 gpm) and 2482 bar (36,000 
psi). All pressure hoses, tubing and fittings are 
burst rated at 6207 bar (90,000 psi). 

The hydraulic system drives dual, plunger- 
type intensifiers as part of a closed-loop system. 
The intensifiers are designed for easy accessibility 
for maintenance and repair. The hydraulic system 
includes an integral full-flow filtration system, 
hydraulic reservoir and pressure gauges. 

The operator controls the pump intensifiers 
and pressure from the remote control console, 
which can be wheeled around the dock for best 
operator visibility. The pump can also be 
manually operated at a control panel on the pump 
face. An automatic protection feature monitors 
critical pump functions and warns the operator if 
abnormal parameters are detected. 

Effluent-Recovery Subsystem 

The process water, paint and fouling residue 
are collected by the effluent-recovery system for 
filtering the paint and residue, removing leached 
ions (copper, cadmium, lead, etc.), 
microparliculates, chlorides, sulfates, nitrates and 
other contaminants picked up from the surface. 
This mobile subsystem is installed in a standard 
shipping container and chassis (Figure 9). 

Figure 9 Pump and Recovery Subystem Trailer 

The effluent first enters the recovery system 
through a 6-inch vacuum recovery hose attached to 
the shroud around the nozzle. A dri-prime pump 
removes the material from the bottom chamber of 
the vacuum and deposits it into a vibratory 
liquid/solid separator. The separator acts as a 
"shaker," removing about 95% of the solid 
material. The liquid is then pumped to a micro- 
separator, which is the first stage of the water 
reclamation unit. The micro-separator uses 
centrifugal force to remove all material heavier 
than water. The water is then passed through a 
coalescing tank (to remove oils and film), then 
through an ozone generator, charcoal filter, micro- 
filters and, finally, a deionization system with 
conductivity meter to ensure that the water 
recycled to the pump is Grade A deionized water. 

Utility Trailer, To provide system mobility 
in the limited space of shipyards and dry-docks, 
the effluent-recovery subsystem is installed in a 
standard shipping container, which is 
approximately 12.2-m long x 4.1-m tall x 2.4-m 
wide (40- x 13.6- x 8-ft). The container can be 
removed from the chassis and placed flat on the 



drydock floor or supported at each corner by a 
dual-wheeled caster. The container can be moved 
on these casters with a forklift and towbar. 

Vacuum Unit. A high-powered wet/dry 
vacuum unit (Figure 10) recovers nearly 100% of 
the process water as the coating is being removed. 
The liquid/solid slurry is captured in a removable 
hopper under the vacuum unit in the process 
trailer. The entrained air is filtered and exhausted 
to the atmosphere. 

Figure 10 Vacuum Unit 

Sump Pump. A dri-prime pump (Figure 11) 
removes the liquid/solid slurry from the vacuum 
collection hopper and pumps it to the liquid/solid 
separator. The pump is capable of handling liquid 
slurries with solids up to 3.8 cm (1.5 inch) in 
diameter. 

Figure 11 Sump Pump 

Liquid/Solid Separator. Because of the 
large amount of solid waste material generated in 
stripping a large ship, a customized liquid/solid 
separator (Figure 12) is used as a preprocessor of 
the effluent before transfer to the water 
reclamation unit. An adjustable mesh vibrating 
screen separates the majority of the solids from the 
liquid.   Those solids are dumped into a 208-liter 

(55-gallon) drum for disposal. The remaining dirty 
water is captured in a collection tank before being 
pumped to the water reclamation unit for further 
filtering and water treatment. 

Figure 12 Liquid/Solid Separator 

Water Reclamation Unit. A modular water 
reclamation unit (Figure 13) filters and conditions 
the used process water and returns it to the high- 
pressure pump. 

Figure 13 Water Reclamation Unit 

The sump pump first directs the water to a 
centrifugal microseparator, which removes a 
majority of the particulates. The water from the 
centrifugal separator is then directed into a 1135- 
liter (300-gallon) raw water tank. The raw water 
is pumped through a series of filters, an oil 
separator, and an ozone generator before being 
deposited into a 757-liter (200-gallon) clearwell 
tank. The water in the clearwell tank is then 
passed through deionization tanks to remove heavy 
metals, then through a final 0.35-micron filter for 
reuse by the system's high-pressure water pump. 
To compensate for evaporative losses, potable 
water is automatically added from the system's 
make-up tank. 



Generator. A 125-KW diesel-powered 
electric generator (Figure 14) powers the vacuum 
unit, water reclamation unit, air compressor, dri- 
prime pump, liquid/solid separator and other trailer 
utilities. 

Fisure 14 Diesel-Powered Electric Generator 

Air Compressor. An electric-driven air 
compressor (Figure 15) supplies air for operation 
of the manipulator, pumps, valves and utility 
equipment. 
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Figure 15 Air Compressor 

PANEL TESTS 

As part of the Navy Waterjet Demonstration 
System effort, 40 panels were tested to evaluate 
paint removal rates, remaining surface 
contaminants, and paint adhesion after waterjet 
processing. Specific areas of evaluation include: 

• Tooth Profile...to assess waterjet effects amd 
variation in removal rates from varying tooth 
profile, 

• Paint thickness...to evaluate effects of paint 
thickness on removal rates, 

• Removal Quality...to assess how various 
percentages of paint left on the surface after 
stripping affect paint adhesion, and 

• Adverse Effects...to determine any adverse 
effects of waterjet processing from salt-fog and 
pull-adhesion tests. 

SHIPYARD TEST AND DEMONSTRATION 

The system was moved to Puget Sound Naval 
Shipyard on 18 July 1994. Its first test at the yard 
was the removal of about 46.5 m2 (500 ft2) of 
underwater hull paint from the USS NIMITZ 
(CVN 68). During this test, (Figures 16 and 17) 
the system showed its capability to remove all of 
the paint to bare metal and selectively strip layers 
of paint from the surface. The amount of material 
removed in selective stripping ranged from the first 
layer of antifoulant to the first layer of 
anticorrosive. This was performed by varying the 
water pressure and nozzle speed across the ship's 
hull. 

Figure 16 Stripping USS NIMITZ 

Figure 17 Manipulator on NIMITZ Hull 



The coating system on the NIMITZ 
underwater hull consisted of two coats of 
International FP Series anticorrosive paint and four 
coats of BRA Series antifoulant paint. The coating 
had been on for less than 4 years, averaged 30-40 
mils thick, and was in excellent shape. The ship 
was sent back out with the paint system intact 
except in the areas where the tests were performed 
and a new coating was applied. 

The removal rate achieved was 12.6 m2/hour 
(136 ft2/hour). This is only the time required to 
remove the paint from the 1.37- x 1.98-m (4.5- by 
6.5-foot) work envelope, not the time to move the 
manipulator frame from spot to spot, which takes 
only a few minutes. 

The vacuum recovery shroud on the system 
performed well; after some minor adjustments 
were made, it achieved 100% effluent recovery. 
After the paint was removed, the bare metal did 
not flash rust. This is because of the strong 
vacuum and the -60 C (-140 F) heat of the water, 
which speeds evaporation and eliminates the 
potential for surface flash rusting. 

The water and effluent were tested for trace 
metals as it entered and left the effluent recovery 
system. The measured values are listed in Table I. 

Metal 
Zinc 
Lead 
Barium 
Arsenic 
Selenium 
Copper 
Silver 
Cadmium 
Nickel 
Chromium 

Effluent 
(mg/L) 
13.2 

<0.10 
17.3 
0.10 
0.20 
19.7 

<0.10 
<0.10 

0.39 
0.39 

Recycled 
Water (mg/L) 
<0.10 
<0.10 

0.14 
<0.10 
<0.10 

0.11 
<0.I0 
<0.10 
<0.10 
<0.10 

Table I Analysis of Effluent 

Most of the paint residue is pulled out by the 
liquid/solid separator and deposited into a 208-liter 
(55-gallon) drum (Figure 18). This waste was also 
analyzed, and results are listed in Table II. 

Metal (mg/ks) 
Zinc 6700 
Lead 217 
Barium 1950 
Arsenic <20 
Selenium <20 
Copper 296,000 
Silver <20 
Cadmium <20 
Nickel 329 
Chromium 234 

•Method: EPA 3050A & 6010A 
Analysis Dates: 26 & 29 Sep 94 

Table II Analysis of Solid Waste 

The next test was removal of non-skid coating 
from the flight deck of the NIMITZ (Figures 19 
and 20). Data was not collected on the coating 
thickness, but the entire coating system was 
removed at a rate of 19 m2/hour (205 ft2/hour). 

Figure 19 Setting Up for Deck Stripping 

Figure 18 Solid Waste Collected Figure 20 Stripping Non-Skid Deck Surface 



The system was then moved to Drydock 1 at 
Puget Sound to begin testing on the USS 
STURGEON (SSN 637). Several thousand square 
meters (feet) were stripped, demonstrating both 
selective stripping and complete stripping to bare 
metal. 

It appears that the STURGEON had a 4 or 5 
coat system, but both the number of coats and the 
total thickness varied due to many touchups. The 
paint system was in fair condition and came off 
faster than in the NIMITZ testing; a removal rate 
of about 16.7 m2/hour (180 fl2/hour) was achieved 
on the STURGEON (Figures 21 and 22). 

Figure 21 Stripping the USS STURGEON 

washed the salts down from the unstripped areas 
above. 

On 20 October, the system was shipped to 
Pearl Harbor Naval Shipyard (PHNSY) to remove 
2322.5 m2 (25,000 ft2) of freeboard paint from the 
USS Leftwich (DD 984). Since the Leftwich had 
organotin on the underwater hull, dry abrasive 
blasting or open water blasting was not permitted 
on the freeboard until all the organotin was 
removed and the drydock was thoroughly cleaned. 
This sequential process would lengthen the 
LEFTWICH's time in drydock, so PHNSY 
requested the use of the Navy Waterjet 
Demonstration System to see if it could remove 
both coatings simultaneously and reduce the ship's 
time in drydock. 

The freeboard of the LEFTWICH had a 2- 
year-old coating system in excellent condition, 
consisting of 5-coats: one coat of Cathacote 302 
Zinc-Rich Epoxy, one coat of MIL-P-24441 
Formula 154 Epoxy, and three coats of TT-P-490 
Haze-Gray Enamel. 

This was the first "production" test of the 
Waterjet Demonstration System, and it performed 
well, removing the 5-coat system at a rate of 19 
m2/hour(205ft2/hour). 

The Leftwich work provided the project team 
with valuable information that is being 
incorporated into the second-generation, 
production version of the system. The work at 
PHNSY will continue through January 1995. The 
equipment will then be moved to Long Beach 
Naval Shipyard for further prototype testing on the 
USS FOSTER (DD 964). 

CONCLUSION 

The prototype system is performing better 
than expected for a technology-demonstration 
unit. Design work is already proceeding on a 
production version of the mobile waterjet stripping 
system. 

Ongoing work with the prototype and 
production systems will be closely monitored and 
detailed information will be collected on mean 
time between failure (MTBF), operating costs, cost 
savings, maintenance schedules, surface 
conditions, production removal rates, paint 
adhesion, and overall success of the system. 

Figure 22 Side View of STURGEON 

The surface was tested after paint removal to 
quantify the amount of chlorides remaining on the 
substrate. The Bressle Method Test Kit and Swab 
Kit were used and, in all tests, the readings were 
from 0 to 2 \ig/cm^. The vacuum recovery head 
performed well, and areas that were stripped to 
bare metal did not rust for 9 days, until a rainstorm 
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BACKGROUND 

Composite Materials have been used widely in many industries including aircraft 
and marine vessel fabrication. Relatively few of these materials have been used 
in marine structural applications in the United States. 

Traditional materials for marine construction in the United States include steel, 
concrete, and wood. Steel and steel-reinforced concrete structures can fail due to 
chloride ion attack and freeze/thaw degradation. The problems of corrosion on 
marine structures made of steel is well documented. Wood products in the 
marine environment are subject to borer attack unless they are treated with cre- 
osote or other similar chemicals. These wood treatment chemicals are becoming 
increasingly unpopular for environmental reasons. 

This paper presents a new approach to the use of structural composites for 
waterfront structures - the combination of composites with recycled plastics. 
These products are known as the SEAPELE® and SEATEMBER• Composite Marine 
piling and timber. 
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PAPER 

The basic objective of the development of the SEAPELE and SEATTMBER 
Composite Plastic Products was a combination of the desire to create 
engineered products with physical and performance characteristics superior to 
traditional materials. Also, to fill a market void and create a suitable alternative to 
chemically treated wood products. 

Gradual but constant increases in overall environmental quality regulations in 
both the governmental and private sectors has significantly improved the overall 
marine environmental quality in the United States waterways over the past 
decade. The combination of cleaner waterways and untreated wooden pilings 
lias allowed borer activity to increase at a rate which jeopardizes the integrity of 
wooden waterfront structures, as noted in the charts on next two pages. 
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CROSS SECTIONAL LOSS FROM MARINE BORERS 
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CROSS SECTIONAL LOSS FROM MARINE BORERS 

Marine Terminal Pier #12 
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A significant departure from conventional piling and timber, the SEAPBLE and 
SEATIMBER Composite Marine Products offer many benefits, including protec- 
tion of the environment by eliminating the use of chemicals which are harmful 
to the environment. Also, reducing the pressure on solid waste disposal by utiliz- 
ing req'ded waste and reducing the dependency on scarce wood products from 
the U.S. and tropical regions throughout the world. The composite plastic prod- 
ucts have a longer useful life because bore destruction is eliminated and the 
material is resistant to natural degradation. 

The SEAPILE and SEATIMBER Composite Marine Products are designed for low 
maintenance. The design minimalizes or eliminates the need to constantly 
inspect for and repair damage caused by corrosion, or where coatings have worn 
off. The slick outer skin creates a low coefficient of friction on berthing vessels, 
thus reducing the lateral load on the piling as well as abrasion of the ship's paint 
systems and the pile's surface. The low coefficient of friction also reduces ice 
forces due to floating and sheet ice. 

The composite marine products are manufactured from structurally reinforced 
recycled plastic in a continuous process that allows the pile to be provided in any 
length, as a single piece. Its plastic matrix is formed from 100% recycled plastic, 
with no harmful chemicals. Sources for this raw material are plastic milk jugs, 
soap bottles and juice containers. For example, each foot of pile uses the equiva- 
lent of approximately 240 one-gallon milk jugs. 
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The general profile and dimensions vary according to customer needs. The 
SEAPHJB Composite Marine Piling is available in 10 inch-13 inch and 16 inch 
diameter, with pile length up to 105 feet. 

SEAPILE COMPOSITE MARINE PILING 
GENERAL PROFILE AND DIMENSIONS 

DISTANCE EROM OUTIR 
SKIN TO REINFORCEMENT 
.81-1.22 in (21-28 mm) 

PILE DIAMETTR 
el&-16in(25M00mm) 
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SEATIMBER COMPOSITE MARINE TIMBER 
GENERAL PROFILE AND DIMENSIONS 

WIDTH 

(200-300 mm 
FROM OUTER 

REINFORCEMENT 
.4-25 mm) 

HEIGHT 
10-12 in 
(250-300 mm) 

OUTER SKIN 
Vu in (5 mm) 

REINFORCEMENTS 
0 1-1.25 in (25-31.8 mm) 

SEAPILE and SEATIMBER Composite Marine Products are engineered products 
of uniform dimension with known, predictable strength and stiffness properties. 
The fiberglass reinforcing elements can be varied depending on strength and 
durability requirements. The fiberglass rebar varies in diameter from 25 mm-35 
mm (1-1.375 inch) diameter, they are continuous in length and provide a high 
strength bond to plastic. With fiberglass reinforcing elements, the composite       7 



SEAWARD 
INTERNATIONAL, INC. 
Worldivide Leader in 
Elastomer & Plastics 
Tedmology 

products are highly ductile and, under excessive load, will continue to bend 
(without breaking) beyond its elastic limit. While the pile would be permanently 
deformed if loaded beyond its elastic limit, this feature represents a valuable 
reserve capacity for accidentally overloads. This is a distinct advantage com- 
pared to traditional wooden piles which are brittle and break under excessive 
load. Typical pile and reinforcing configurations are illustrated below. 

TYPICAL PILE & REINFORCING CONFIGURATIONS 

10" DIA. 13" DIA. 

$   $ 

SIX EIGHT 
1" RE BAR T'REBAR EIGHT EIGHT 

1" REBAR 1-1/4" REBAR 

16" DIA. 

SIXTEEN 
1-1/4" REBAR 

8 
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This chart compares the properties of 2 sizes of the SEAPELE Composite Marine 
Piling to Southern Pine timber piling. 

COMPARISON OF PROPERTIES 

PrcdiKt Wooden Pile 13" SEAPILE 16" SEAPILE 
Size 12-14" Butt, dia., 

Topered/10"Eff.dia. 13" dia. 

8-1" dia. 

16" dia 

Reinforcing: — 16-1.25" dia 
Modulus of 
Elasticity E (psi): 

1.4X10' 4.6 xlO5 8.4 xlO5 

Moment of Inertia 1 (in'): 

Stiffness, El (Itrin2): 

491 

6.9x10' 

4100 

1402 

6.5x10' 

3900 

3217 

2.7x10' 
Max Yield Stress 
in Bending (psi): 6900 
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In February, 1995, the U.S. Navy and Seaward International, Inc. entered into a 
Cooperative Research and Development Agreement (CRADA) to determine the 
feasibility of recycling navy ship waste plastic into marine pilings. Seaward has 
determined that a 10-inch diameter center zone of the 16-inch diameter SEAPILE 
does not require the use of separated HDPE, and this zone can be filled with 
mixed plastic waste. 

NAVY SEAPILE WITH NAVY COMMINGLED WASTE PLASTIC 

NAVY COMMINGLED 
WASTE PLASTIC 

DURAUN• PLASTIC 

O.D. 
(UP TO 16' 

3/16" OUTER SKIN 

FIBERGUSS REBAR 
O.D. 1-1-1/4" 

10 
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Hie U.S. Congress mandated that a plastic processing system be deployed aboard 
all Navy ships by 31 December 1998. This CRADA provides a win-win solution 
for the environment, the Navy, and the marine industry. Seaward utilizes the 
navy commingled waste plastic in the center core of the SEAPILE Composite 
Marine Piling, the Navy in turn purchases SEAPIUE and SEAHMBER Composite 
marine product for marine structures. 

Current uses of the SEAPILE and SEATTMBER Composite Marine products 
include: 

• Fender Piles 

• Dolphins 

• Bridge Pier Protection and Fendering 

• Dock and Pier Fender Systems 

• light Structural Piles 

• Navigation Aids and Markers 

Examples of these applications are highlighted on the following pages. 

11 
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FENDERING SYSTEMS 

FENDER PILING 

CHOCKS 

WALES 
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BRIDGE PIER PROTECTION 
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DOLPHINS 

CD j 
3-PILE 

CLUSTER 
7-PILE 

CLUSTER 
19-PILE 
CLUSTER 

14 
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CAMELS 

CAMEL 

WATER 
LINE 

FENDER PILES 
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SECONDARY FENDER SYSTEM 
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WATER 
LINE 
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DISTRIBUTION 
PANEL 

SEAPILE 
COMPOSITE 
MARINE PILING 
SECONDARY 
FENDER FOR 
SMALL VESSEL 
& BARGE 
TRAFFIC 

TOP VIEW 
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COMPOSITE FENDER SYSTEM 
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WATER 
LINE 
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ELEMENT TOP VIEW 
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MARINE TIMBER 

w 
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Pictured below is the newly constructed composite plastic Tiffany Street Pier in 
the Bronx, New York. More than 90% of the pier's components are made from 
recycled materials supplied by Seaward International, Inc., and other companies. 
Seaward supplied various sizes of the SEAPHJE and SEATIMBER Composite 
Marine Products used as fendering and support elements along the pier. 

19 
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The San Diego Naval Station in California uses the SEAPILE and SEATMBER 
Composite Marine Products as comer protection, camels, and fendering systems 
along its pier. 

20 



SEAWARD 
INTERNATIONAL, INC. 
Woridivide Leader in 
Elastomer & Plastics 
Tedinology 

In Femandina, Florida, the ITT Rayonier pier illustrates the use of dolphins. 

21 
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SEAPELE and SEATIMBER Composite Marine Products also perform excellent in 
the marina environment as seen in the photo of St. Petersburg, FL and Santa 
Cruz,CA. 

22 
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CONCLUSION 

The combination of composites with recycled plastics offers a new alternative for 
the marine structures environment. As Seaward continues its marine develop- 
ment efforts, it also looks to transfer these technologies to new maitets and new 
applications. 

23 
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TECHNOLOGY WINDOWS-OF-OPPORTUNTTY 
FOR MARINE OIL SPILL CLEAN UP 

Atle B. Nordvik I, James L. Simmons l, 
and Michael A. Champ 2 

ABSTRACT 

• 

This paper presents a newly developed scientific and engineering 
planning and decision-making tool for marine oil spill response 
using performance effectiveness data for oil spill response 
technologies derived from laboratory, mesoscale, and 
experimental field studies. These data have been coitelated to a 
wide range of viscosities of different weathering stages of tanker 
transported oils into a dynamic oil weathering data base to 
identify and estimate time periods , called " technology windows- 
of-opportunity." In these windows, specific response methods, 
technologies, equipment or products are more effective during 
clean-up operations for specific oils. 

The "windows-of-opportunity" approach provides a standard 
foundation for the development of a rapid and cost effective tool 
for oil spill contingency planning and spill response dedsion- 
making, and is intended for use by local, state, federal agencies, 
response planners, dean up organizations (responders), insurance 
companies, tanker owners, and transporters. The data bases 
represent the state of the art for response technologies and 
research in oil spill response. The/'windows" concept has the 
potential for providing significant environmental and cost 
benefits in spill response. It will provide policy and decision- 
makers with a scientifically based and documented "tool" in oil 
spill response that has not been available before. 
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INTRODUCnON 

Flazming and dedston-Eoaldng in oil spill response requires an understanding of oil 
weathering processes (Tsukihara, 1995) and subsequent changes in an oils 
characteristics and the effect of these changes on response technologies over time. 
These changes have an important influence on the usefulness and effectiveness of 
response methods and technologies. Three major categories of response (cleanup) 
methods are available: (1) mechanical recovery, (2) chemical treatment, and (3) in- 
situ burning (Matsumoto, 1991: Miyazoe and Hashizume, 1995). Methods and 
technologies in each of these categories are limited by environmental conditions 
both operationally and as a result of the changes in oil characteristics over time. 
Dynamic oil weathering models have been developed to predict changes in oil 
properties over time and have been used as a derision-makmg tool in actual spill 
and spill scenario over die past several years in partiailar to assess use of dispersants 

In addition to dispersants, effective use of in-situ-buming and some mechanical 
technologies is limited in time and governed by changes in oil properties. The 
most efficient, environmentally preferred,   and cost effective spill response is 
loaa.tie>«.,   roepenaa 4£ccio,   o«vlr<»^«~or><-»t   cow^lfioaivr,   -a-^el   «£foeHvan.a«e   of  a«'a.ila.Klo 
response technologies (given the first five factors). Utilization of multiple response 
technologies require a rapid and scientifically based decision-making tool and an 
integrated system of response capabilities, see bhiri (1993). 

The following sections identify, delineate, and estimate windows-of-opportunity of 
selected response technologies used in marine oil spill dean-up, related to given 
environmental conditions, changes in oil characteristics and operational 
considerations. A more detailed description of the "windows" concept is presented 
in Nozdvik (1995). 

TECHNOLOGY WINDOWS-OF-OPPORTUNITY 

nofmirirm; Technology Windows-of-Opportunity: The various time 
periods for effective utilization of marine oil spill response 
technologies and methodologies, in clean-up operations. 

The delineation of technology windows-of-opportunity is a new approach where 
science and engineering data and information are integrated to provide a scientific 
foundation for rapid decision-making in oil spill planning and response, to 
optimize environmental and cost benefits by the selection and use of different oil 
spill response technologies and methodologies. The concept utilizes the following 
data sets: (1) dynamic oil weathering data tor selected oils, (2) actual environmental 
data, and (3) dynamic performance data of oil spill clean up technologies. 

Recent studies have found, that the time period available for response within a 
window-of-opportunity, will vary with environmental conditions, oil type, and the 
degree and rates of changes in oil properties ^Nordvik, In Press a). The idea for the 
window-of-opportunity concept was developed from studies conducted by the 
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author in the late 70's as part of studies on effectiveness testing of emulsion breakers 
(Knappstad, 1981 and Lode 1981). Changes in oil properties as a function of time can 
bemeasured by use of a step-wise oil weathering method. This weathering method 
determines changes in evaporation, density, viscosity, pour point, flash point, and 
emulsification at different degrees of distillation, (weathering) representing different 
time intervals of spilled oil. A graphical presentation of these data can be plotted bv 
the IKU Dynamic Oil Weathering Model (Aamo et aL, 1993). 

The two dominant processes that cause changes in oil characteristics over time are 
evaporation and emulsification, which significantly increase the viscosity of spilled 
oil. In this paper, viscosity is used as a time reference for estimating the window-of- 
opportunity for dispersants and mechanical recovery equipment including sorbente. 
Density is used as time reference for density differential oil water separators and 
emulsification (water content) is used for booms and in-situ burning. 

Evaporation of the more volatile components and the formation of a water-in-oil 
emulsion during weathering occurs simultaneously during and after a spiU. The 
rate and extent to which they proceed depends on the chemical composition of the 
oil and prevailiM environmental conditions (such as wind speed, seawater and air 
temperature, and sea state). The relationships between these factors and the 
changes in key properties during weatherine have to be well understood as well as 
the effectiveness of specific response technologies under these conditions, in order 
to estimate and delineate windows-of-opportunity for specific clean-up 
methodologies and technologies. Therefore, to achieve maximum environmental 
and cost benefits in implementing response strategies, response tactics and 
technologies must be chosen to fit the technical windows-of- opportunity. 

Recent studies of oil weathering, and the influence of such weathering on 
performance and effectiveness or specific response technologies (equipment), 
provide the necessaxv data to make it possible to identify windows-of-opportunity 
(Nordvik et aL, 1993). The delineation of these windows then facilitates the 
optimization of different response technologies and strategies. A diagram of the 
windows concept is presented in Figure 1 to illustrate the relationships of changes in 
oil properties during oil weathering processes, and subsequent affects of these 
changes on response methods and technologies. 

Oil Weathering and Technology Performance Data Bases 

To enhance the effectiveness of clean-up operations, decision makers need a rapid 
and accurate tool for predicting changes in oil properties, and a dynamic data base 
containing data and information on the capabilities, capacities, effectiveness, and 
limitations of response technologies and methodologies (Hngelhardt, 1994). 
Dynamic oil weathering models have been developed for use in contingency 
planning and response dedsion-making. Their reliability and operational output 
values have greatly Improved over the past several years. TWs progress is a result 
of advances in model development, data quality and quantity (Nordvik et al, 1992 
and Reed and Nordvik, In Press). 

This paper utilises the IKU Oil WeatheringJModel (Aamo et al., 1993) to predict 
changes in oil characteristics over time baseotipon an empirical approach from data 
obtained from experimental spills at sea of spedfic crade oils and oil data derived 
from a comprehensive step-wise weathering test procedure and flume tank testing. 
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Hguxe 1. Effect of oil weathering processes on effectiveness of selected technologies 
for spill response. 

The strength of the model lies in its use and verification of oil weathering data 
(Strem-Kristiansen et al„ In Press). The experimental results lead to subsequent 
development and modification of algorithms and use of correlation factors for 
individual oils to allow for the prediction of the response curve for a selected 
property (evaporation, emulsion viscosity, pour point, etc.) of an oil as it weathers 
over time, see Figure 2 next page. 
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Figure 2. DCU Oil Weathering Model predictions for the degree of evaporation aa 
an runction of time at sea for selected crude oils. Predictions have been calculated at 
Sm/a wind speed and with a seawater temperature of 150C. 

The Diapenant Window-of-Opporhinity 

The operational limitations of dispersant applications are dependent on application 
methods, equipment, average droplet sizes of the dispersant, environmental 
conditions (such aa wind speed, sea state, salinity, and temperature), oil thickness 
and dosage rates, and the distribution of the oil on the sea surface at the point of 
application. The use of a dispeisant is considered to be a rapid response method 
and has the potential to greatly enhance the degree of natural dispersion. 
Distjersanis also have logistical advantages compared to contained in-situ burning 
and mechanical clean up (no waste to process). Effective use of dispersants are for 
some oils very limited m time. 

Four factors are believed to have a major impact on the effectiveness of disperaants*. 
pour point, viscosity of the oil and emulsion, emulsion water content, and 
emulsion stability. Most crude oils and heavier refined products will form 
emulsions. Weathering causes an increase in the viscosity or oil, raises its pour 
point, and increases the water content and the degree of stability of an emulsion. 
All of these changes tend to make an oil less dispersible as the viscosity of the oil or 
emulsion approaches its limiting value. The value of this limiting viscoaily 
depends on the type of the spilled oil and the prevailing environmental conditions. 

For a given oil emulsion, dispersant treatment windows-of-opportunity can be 
estimated by combining emulsion viscosity data from dispersant effectiveness 
testing data with IKU Qd Weathering Model prediction of emulsion viscosity aa a 
function of time, see Figure 3 (Strafm-Kristiansen et al., 1993). The data plotted in 
this figure covers three windows of defined jfispersibility as defined from the MNS 
and IFF test criteria (disperalble, reduced dispersMty, and non-dispersible). 
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Comp4tative data for ANS and Bonnie Light (from Figure 3 type plots) arc 
presented below to present the estimated time windows for diapersibilfty for the 
three defined dlspcrsant windows-of-opportunity (diBpersible, reduced disperafbility, 
and non-dispersible) from the MNS and IFP test criteria for Corexit 9527®- 

oil Viscoalty     (cP)/(hn)                                                        1 
Dispeisxble Reduced Dispeisibility Not Dispetsible 

ANS <l/000/(<26) 1,000-10,000/(26-120) >10/000/(>12D) 
Bonnie 
light 

<500/(2) 500-2,000/(2-4) >2,000/(>4) 

Table 1. Estimated dispersant time windows-of-opportunity for dispersibility of 
ANS and Bonnie Light emulsions if treated with Corexit 9527® based on emuisicm 
viscosity data as developed from the IKU Oil Weathering Model for 5 m/s wind 
speed and 15°C seawater surface temperature. 

Laboratory effectiveness results for dispersants can not be directly transferred into 
performance data during spill response, due to limitations in laboratory test 
methods to mimic environmental conditions at sea and the lack of field operational 
effectiveness data. However, laboratory results are of value for guiding the selection 
of an appropriate dispersant during contingency planning and response. Recent 
dispersant field testing has established a ranking between laboratory and field 
effectiveness data for good, medium and poor dispersants (Lunel et al., 1995). - 

•mmresndHam (is •q 

Hours Diyi 

Figure 3. A plot from the DCU Oil Weathering Model of viscosity over time for 
Bonnie Light emulsions at 5m/s wind speed* and with a seawater temperature of 
150C. illustrating with shading the three dispersant windows-of-opportunity 
(dispersible, reduced dispersibility, and non-dispersible) for the use of the dispersant 
Corexit 9527®. 
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The Wmdow-of-Opportimity for In-Situ Bunting 

The window-of-opportuftity for ignitioii and burning will vary, dependine on 
environmental conditions, physical properties and chemical composition of the 
spiUed oil. Ths rate of evaporation and emulsification and the subsequent changes 
m flash point, viscosity, water content, and stability of an emulsion have a major 
influence on ignition technologies and the usefulness of in-situ burning In 
addition, sea temperature, wind speed, thickness of the oil layer, heat transfer from 
the bum to the surface of the oil or emulsion, and the loss of heat through the oil to 
the underlying water limit the use of in-situ burning as a response method 
(Gueaiette et al., 1994). The removal effectiveness under experimental conditions 
has been reported from zero % for evaporated and emulsified oils and up to 99% for 
fresh oils. 

Ths method of calculating in-situ burning effectiveness is based upon a volumetric 
reduction of oil from a dosed system. In comparing data for burning operational 
effectiveness using a fire resistant boom with mechanical or dispersant operational 
effectiveness data, one must consider the loss of oil from the towed boom system 
which under environmental and operational conditions can vary widely (Nordvik, 
In PxesB b), and the release of soot and smoke which can account for 10-15% of the 
removed mass of oil. 

The preliminary and valid arguments for considering m-sitv burning as a response 
measure are mat it extends the options for response by providing a useful 
supplemental tool, while decreasing the dependency on recovered oil and water 
storage needs. Tlie latter remains a limiting factor for large catastrophic spills, 
especially for response systems built for vessels of opportunity. 

Ignition and combustion are dependent on the flash point and release of ignitable 
and combustible vapor. It is the vapor released from the oil that bums, not the oil 
as a liquid. Thus, the mechanism for maintaining a sufficient amount of vapor for 
continuous burning is vital to in-situ bumine. When the flash point temperature 
of the oil exceeds the sea temperature, the surface of the oil needs to be heated by an 
external source to promote the release of flammable vapor that can be ignited. 
Ignition and burning is also restricted by increased water content, heat transfer to the 
under lying seawater, viscosity and stability of the emulsion. When water-free oil 
is burning on the top of a layer of emulsion, the temperature within the emulsion 
can not exceed approximately 100oC. A limit for ignition may also occur if the flash 
point of the oil is above the temperature that can be created or maintained on the 
surface of an emulsion. 

Plots of wafer content and flash point are presented in Figure 4 with time for Bonnie - 
Light crude oiL In tills figure, lines have been plotted for sea temperature (ISK!) 
and for the boiling point of sea water to illustrate three categories of ignition: (1) 
ignitable, (2) reduced ignitability, (3) restricted igxutabmty. The reduced area of 
ignition can further be divided by use of water content as a limiting factor. During a 
fullv developed bum, the surface temperature of an oil is normally far above its 
flash point limitations. 
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R^ure 4.     Estimated In-situ buming windows-of-opporttanity   for Bonnie Light 
using estimates for water content and flash point as a function of time.    Estimates 
have been made at 5 m/s wind speed and with a seawater temperature of 150C. 
using data from the 1KU Oil Weathering ModeL 

For most crude oils, a time window for iznition and sustained burning of weathered 
oil using conventional ignition technology is restricted by approximately 25% 
evaporation and or a 50% water content. The estimated time window of 
opportunity for ignition and in-situ buming^f ANS and Bonnie Light crude oils 
based upon 5 in/s wind speed, water temperature of WC, and the time to reach 50% 
water content is presented below in Table 2 . Also included is the time it takes for 
25% of tire oil to evaporate, % oil evaporated when the water content is 50% plus 
corresponding viscosity, and time estimate to raise the flash point to 100"C After 
this time it will be almost impossible to ignite an emulsified oil slick with 
conventional ignition technologies. 

00 25% 
Evap. 

(hours) 

50% 
Emulsified 

(hoars) 

Evap, at 
50% Water 
(percent) 

Viscosity at 
50% 

Water(cP) 

lOCCFlashl 
point 

(hours) 
ANS 72 36 22 1500 160 

| Bonnie Lt 12 1 10 200 70         1 

Table 2. Estimated time windows for ignition based upon predicted 25% 
evaporation and 50% water content at 150C and a wind speed of 5 m/s using data 
from the ECU Oil Weathering Model. 

Pige 8 



1-iULr-14-30 I'lUN 1 J i d. I r.  Ub 
RUG 01 '95  11:50PM MARINE SPIU- RESPONSE CORP. P.IB^IB 

The Window-of-Opportunity for Mechanical Clean-up Technologies 

The effectiveness of mechanical clean up operations in the marine environment 
can vary depending on environmental conditions, response time, platforms, 
equipment used, drift, spreading, type of oil. level of training, education, 
organization and management of dean up operations, and use of resources. The 
time window for mechanical technologies is not as sensitive to the changes in oil 
properties as it is for in-situ burning or use of dispersants and chemical agents. The 
effectiveness of mechanical clean up can be separated into three main categories: (1) 
the first is related to skimmer effectiveness only, (2) the second is the system 
effectiveness that includes vessel skimmer, and boom, and (3) tfie third is the 
operational mechanical effectiveness (OME), defined as the relationship betweerroil 
recovered and oil spilled. Use of mechanical oil recovery systems during 
experimental spills over the past 10 years have reported system effectiveness data 
that typically is In the range between 60-95 % (vessel, boom and skimmer) and for 
operations between 65-95%, in wind speeds up to 20-25 loiots and sienificant wave 
heights up to 2.5 m (Nordvik, 1987). 

Two different types of variable windows-of-opportunity exist for use of mechanical 
clean-up response methods and technologies: (1) the first is related to the changes in 
oil properties (weatherine over time), and (2) the second is related to environmental 
conditions due to limited maneuverability, operability, and capabilities of resources, 
techniques, and equipment Both are dependent on environmental factors such as 
wind speed, currents, visibility, sea state, and air and seawater temperatures. 

The practicality of operations are also limited by daylight hours and reduced 
visibility. Remote sensing technologies and use of a real-time down link system 
that provides a real image of the spill situation to the oil recovery vessels, will' 
improve the effectiveness of an operation and extend the window-o/-operations by 
providing vision, day, night and during periods of reduced visibility, for location of 
slick and thicker areas (Nordvik, 1990). 

Booms   

The window of opportunity where boom technologies are most effective is related 
to towing operations, environmental conditions, boom characteristics, and oil 
properties. For oil properties, water content and viscosity impact boom effectiveness 
(reduced oil loss rate from a towed boom) more severely, vital characteristics of 
booms that affect wave conformance are flexibility of boom material, stabilization 
weight, distribution of longitudinal forces, vertical and horizontal flexibility of th£ 
body, and reserve buoyancy to weight ratio (B/W). The flexible structure- 
incorporated into the design of the Barrier Boom TM ( Svendsen, 1994) is an example 
of these characteristics. Studies in the North Sea (NOFO, 1989) have found for 
emulsions that as viscosity reaches 1000 cP s-10 (increased water content), the net 
loss of pure oil from towed booms is reduced. Estimated time windows-of- 
opportunity for booms are presented in Table 3 for ANS and Bonnie Light 
emulsions. 
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Oil 

ANS 

11 Bonnie Lt. 

Time to Reach 
1000 cP & S-Io 

26 hr. 
3 hi. 

Time to Reach 
Max. Water 
Content 
120 hr. 
6hr. 

Table 3     Estimated time w&idows-of-opportiinity for mJiumum loss of oil from 
Dooms for ANS and Bonnie Light emulsions. 

Results of a recent boom testing program clearly demonstrated that many of the 
booma currently available on the market do not meet expected requirements 
associated with wave conformance and submergence due to limited overall 
dimensions (Nordvik et al., 1995). C^ierational towing speed for booms ( relative to 
the water ) are in the range of 05-1JS knots and IdeaSy 0.7 knots. The variation in 
relative towing speed Is caused by variations in gap opening, relative currents and 
Umitationa in towing vessels maneuverability. Vessels are normally not designed 
for operation at very low speed, and in this conditioiw the speed logs are inaccmate 
Oil losses occur in the range 0.8-1.2 knots dependent on environmental conditions, 
viscosity 0f the oil, and design of the boom and recovery system. Oil thicknesses 
withm expected operational towing speeds can reach 75 cm or more. Boom 
submergence within the range of operational towing speed can therefore create an 
operational 'window-o£-opportunity/ for booms- Submergence at speeds below 2 
knots is an indication of poor wave conformance causing reduction offreeboard and 
reserve buoyancy within the area of operation, leaving an unacceptable low 
freeboard and reserve B/W ratio at maximum speed of operations (see Figure 5, 
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Figure 5.   Submergence speeds of booms, with different B/W ratios, calculated as an 
average speed from multiple test runs over a pe     "    ' 
(Nordvik et aL, 1995). 

period of two days in sea states 1-3 
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Skumners 

•A0$^*e the 0Fe"1J0I!ai capacity and effectiveness of sktaunera, the skimmer 
SUS? •00m ne!r !? te pte^ated into a system. -Hus integration ia necessary to 
mamtain increased oil guckness and the flow of oil toward the sldnmier head- The 
effectiveness xs also influenced by changes in oil characteristics, choice of skimmer 
technology and engineering design; the use (induding placement) of selected boom 
technology; environmental conditions; and the responder's operation of the 
equipment. 

ITje wmdow-of-opportunity for use of sldmming equipment, related to change in 
oil properties, is the widest among the three primary response methods Hie 
wmdow is dependent on the rate of evaporation, emulsification, the subsequent 
increase ini the viscosity, and their effect on the various skimming principles such as 
disc, belt, brush, mop, drum, and weir.   Table 4 presents the estimated wmdow-o£ 

BCF 17 and BCF 24 crude oils over time. It is noted that for BCP17 that the wmdow- 
of-opportunity for maximum effectiveness for disk skimmers never opens because 
ihe viscosity of the fresh oil is above 2000 cP. 

••II'               • 

Disk  Skimmer Brush  Skimmer         | 
on Most Effective Least Effective Most Effective Least Effective | 

BCF 17 Not Open 3-10 hours 0 hours 10+ hours 
BCF 24 0-4 hours 2-3 days 1 hour 3+days 

I? ** 5stiinatcd windows-ofcopportunity (most and least effective time periods) 
for two skimming principles. The windows are based upon the results of tank tarts 
for skimmer capacity and effectiveness at different viscosities correlated to viscosity 
data from the uOJ Oil Weathering Model. 

Oil-Water Separaton ^ 

The window-of-opportunity and the effectiveness of a an oil-water separators 
(skimmeis) will vary widely, from pure water to pure oil is defined by a series of 
factors: depending on sldauning principles, oil thickness, by debris, the difference 
between the density of the oil/emulsion and sea water, viscosity of the oil and 
emulsion, water content and stability of the emulsion, interfadal tension between 
oil and water, level of turbulence within the skimmer system, oil droplet sizes, the 
resident time of the oil inside the separation unit, and environmental conditions 
(Nordvik et aL, 1994). 

Capacity will vary depending on the selected skimmer system. In general, separators 
perform better when skimmer capacity is low and the oil content in the oil water 
mixtures is less than 40^50%. A skimmer with an effectiveness higher than 40 - 
50%, used in line with a separator (a$ au-system), may c§use a drop in the 
effectiveness of ttie separator- If the skimmer and separator are not well matched it 
may result in more water being discharged througji the oil effluent storage line 
(with water being added to stored oil) and therefore cause more frequent 
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traitsportation and dJschaxse operations, less time for skinuxting, extended time of a 
clean-up operation and higher dean-up and disposal costs. Also separators utilizing 
the principle of differential density of fluids are particularly sensitive to the changes 
m the density of spilled oil. The increase in density is dependent on evaporation, 
emulsmcation ancl the salinity and the water content of the emulsion, which can 
reach a level of 70-90%. 

The window-of-opportunity for oil-in-water separators can be estimated for example 
using a differential density of 0.025 g/ml between sea water and an oil emulsion, see 
Tables below. 

cm DenaitySea 
Watez 
(g/ml) 

Density 
Emulsion 

(g/ml) 

Time 
(hrs) 

Viscosity 
(eP) 

ANS 1.020 0.995 18 6100 
j Bonnie Lt 1.020 0.995 24 8,000 

Table 5. Window-of-opportunity for a selected centrifugal separation unit as related 
to density of emulsions.   Data were developed from the IKU Oil Weathering Model 

Sorbents 

Sorbents are used as a mechanical method for cleaning up of oil spills in the marine 
environment, by either absorption or adsorption. Adsorption capacity is a function 
of the amount of surface area upon which the oil can adhere. Absorbents soak up 
oil like a sponge, and the capacity is more of a function of the porosity of the 
material. Viscosity, stickiness, stiffness, and adhesion properties of the oil are 
believed to be the most important factors that influence the effectiveness of sorbent 
materials. Use of sorbents Is labor and time consuming, and often creates logistical 
as well as waste handling and disposal problems. 

To optimize the cost effectiveness of a sorbent dean-up operation, materials that 
have unusually low densities, pickup ratios in terms of volume rather than weight 
should be considered. ""~ 

The window-of-opportunity for an absorbent can be estimated from viscosity data 
from the IKU Oil Weathering Model. It should be noted that the viacosity 
limitation for effective use of sorbent is approximately 15/000 cF (Newtonian 
behavior) In the following table (6), the window-of-opportunity is estimated for one 
type of sorbent (polyamine flakes) for two fresh oils. The two freah oils, have the 
following respective viscosities 180 cP (BCF 17) and 2,000 cP (BCF 24), when spilled. 
Fox example, fifty percent of the sorbents capacity will have been achievea in 36 
hours with BCF 24. In 240 hours, BCF 24 will have reached a viscosity of 15,000 cP/ 
at this viscosity, the sorbent materials will have zero capacity to adsorb this oil, see 
Table 6 next page. 
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Synthetic Sorbent 
(Polyamlne Flakes) 

Viscosity 
Range 

(cFl 
180-15/100 

2^00-15,000 

Time to Reach 
15,000 cP 
Vjacosity 
240 hours 
96 hours 

Tune to reach 
50% Saturation 

36 hours 
12 hours 

Max. Capadiy 
Saturated 

g oil/g sorb. 
54(lS0cP) 

40 (2,000 cP) 

Table 6. The estmuted wmdow-of-opportunity for the absorbent Polyamine Flakes 
from viscosity perfonnance data combined with viscosity data from the DCU Oil 
Weathering Model. 

Windows Results 

•Die fbllowing table is a summary of estimated windows-of-opportunity for selected 
technologies and specific oils discussed in this paper. It is not presented to serve as a 
fast and found guide for oil spill response. It is a comparative example of the 
uniqueness and specificity of the technology windbws-of-opportunity concept for 
selected oils, response methods and technologies under given environmental 
conditions as detemuned by relationships of physical and chemical properties data 
from the ECU Oil Weathering ModeL ^   F 

DTedmology/Oil 
Bonnie Light ANS BCP17 BCF24      | 

Din-Situ Burning 
0-1 0-36 

[Oil-Water 
1 Separator 0-24 0-18 

Disk Skimmer 
— 0-10 0-72 

Brush Skimmer . 
0-10* 
>10 

0-72* 
>72 

Dispersant 0-4 
4-8* 

0-26 
26-120* 

Sorbent 0-36 
36-96* 

0-12 
12-240* 

* = reduced effiectiv eness 

Table 7. Summary of estimated windows-of-opportunity for selected marine spill 
response technologies for specific oils under certain environmental conditions, "hie 
oils are Bonnie Light, Alaska North Slope (ANS), BCF 17, and BCF 24. The 
environmental conditions include a wincT speed of 5 m/s with a seawater 
temperature of IS "C. Windows-of-oppdrtunity are not estimated for fill 
technologies for each oil. 
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SUMMARY AND CONCLUSIONS 

Crude oils and oil products differ greatly in physical and chemical properties, and 
these properties will continually change with time during a spin event as 
weathering (aging) occurs. These changes in oil properties with time have direct 
effects on oil recovery operations and in conjunction with environmental factors, 
mandate the identification and estimation of time windows of opportunity for 
different technologies. Ideal marine oil spill response strategy and tactics should 
focus on the use of the most rapid, efficient and cost effective response methods and 
technologies including "no-action" except perhaps monitoring if the spill is well 
offshore and will have limited environmental impact. 

Use of the most effective response method and technologies requires access to 
reliable, nationally and internationally accepted data, based upon a scientific and 
engineering approach. The window-of-opportunity concept, using the combined 
infonnation from dynamic oil weathering model, and performance technology data 
base and real time environmental data provides a rapid tool for planners and 
decision makers to answer questions such as: can we use dispersants? or will the oil 
bum?, or can we use skimmers? Without access to changes in oil characteristics and 
effectiveness data for available technologies and current environmental conditions, 
spill response decision makers are only guessing at results. 

In a real spill (as this concept is refined), the actual windows-of-opportunity would 
be calculated for each oil, using the actual parameters, i.e., the oil spilled, the 
prevailing environmental conditions, the equipment and methodologies available, 
the elapsed time, and response time. The spill response manager with this 
knowledge, will be able to estimate windows-of-opportunity for the specific 
environmental conditions involved and be able to use the most effective tools at 
the appropriate time. In addition and equally as important, this process allows for 
all management personal to communicate the critical engineering and reasoning 
aspects that underlie the decision-making process to everyone involved (from 
operations to the public and private sectors). 

In the future, to assist responders, it will be desirable for technology manufactures to 
certify and label technology "effectiveness" foftheir products as rdated to specific oil 
properties affecting performance. 
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Japanese Ocean Observation and Research : 
Present Status and Future Plans 

Observation and Research 

Masataka Hishida 
Japan Marine Science and Technology Center 

1. INTRODUCTION 

Japan has long been engaged in many 

ocean observation and research programs, 

however, our activity has been  much 

higher since 1986 when a predominant El 

Nino phenonena was observed.At that time, 

JAMSTEC  initiated sane global oceanic 

observation programs. Sane of those are 

international programs ranging fran the 

Pacific to Arctic Oceans. The Global 

Ocean Observing System (GOOS) program 

will be the best one. 

In Japan several ministries and 

governmental agencies are participating 

in GOOS. The Ministry of Education, 

Science and Culture, and the Science and 

Technology Agency have been supporting 

basic studies and technology develop^- 

ment to establish GOOS. Various opera- 

tional activities have been carried 

out by governmental agencies, Prefec- 

tural governments, and universities. 

The Japan Meteorological Agency has been 

in charge of oceanographic observations 

with initiatives in IGOOS and GLOSS, and 

recently established its El Nino Moni- 

toring Center. The Hydrographic Depart- 

ment of the Japan Maritime Safety 

Agency is operating the Japan Oceano- 

graphic Data Center of IODE, and conduc 

ting oceanographic observations and 

marine pollution monitoring. The Japan 

Fisheries Agency is responsible for 

living resources and for related marine 

environmental issues. It is also making 

remarkable contributions to monitoring 

the coastal zone and the ocean. The 

Environmental Agency has been carrying 

out pollution monitoring in the coastal 

zone.The Ministry of Posts and Telecommu- 

nications has been observing rainfalls, 

oil pollution, and offshore currents 

using satellites as well as airborne 

and coastal radars. The Ministry of Con- 

struction has been conducting research 

on sea level rise and its socioecononic 

impact f ran the view point of coastal 

zone conservation. The Ministry of 

Transport has also been engaged in 

the offshore hydrology and development. 

These observations have been accom- 

panied by modeling, since modeling 

is the best tool for identifing and dis- 

tinguishing many phenomenological inter- 

actions. 

I will briefly introduce Japan's 

current activitres and future plans as 

related to the GOOS program and the 

US-Japan TYKKI program. 

2. CURRENT STATUS OF OCEAN OBSERVATION 

IN JAPAN 

2.1 Pacific Ocean 

2.1.1 Research in the tropical and sub- 

tropical regions 

2.1.1.1 Observation and research in 

the tropical Pacific 

The variability of the warm pool is 



regarded to be the major influence on 

the global climate including ENSO. We 

have conducted oceanic observations in 

the warm pool area to understand the 

mechanism of accumulation and dissipa- 

tion processes. 

To accomplish this objective we have 

two cruises a year in the western tropi- 

cal Pacific for conducting CTD, ADCP, 

upper air sounding and deploying sub- 

surface ADCP moorings. The observation 

cruises are conducted in the Tropical 

Ocean Climate Study (TOCS) program. 

We have collaborated with the Paci- 

fic Marine Environmental Laboratory, 

NOAA, USA in maintaining the TAO buoy 

array and BPPT, and with Indonesia con- 

ducting joint cruises in the Indonesian 

EEZ. 

In the collaboration with scientists 

of Climate Research Division of Scripps 

Institution of Oceanography, we have 

started numerical simulation of the 

tropical Pacific, Indo-Pacific and glob- 

al oceans using the isopycnal coordinate 

ocean General Circulation Model develop- 

ed by Oberhuber of the Max-Plank Insti- 

tute of Meteorology. We are now running 

the Indo-Pacific ocean model and global 

ocean model in order to simulate Indo-. 

nesian Through Flow and warm water pool 

variability in the western tropical Pa- 

cific. 

2.1.1.2 Observation of the subtropical 

gyre 

This research is being conducted to 

determine the fluctuation mechanism 

of the subtropical gyre (including the 

source ofthe Kuroshio and eddies and re- 

circulations south of Japan) and to stud- 

y the interaction between the subtrop- 

ical and tropical circulations of the 

North Pacific. We are working jointly 

with the Hydrographic Department of the 

Marine Safety Agency, the Meteorological 

Agency and  Fisheries Agency in the 

Kuroshio Exploitation and Utilization 

Research program (KER). 

We have conducted mooring array 

measurements in the Tokara strait south 

of Kyushu and hydrographic observations 

to estimate the volume transport of the 

Kuroshio. 

2.1.1.3. Subarctic North Pacific 

The Subarctic North Pacific and 

Arctic waters are major sources of cold 

temperature in the heat circulation 

process and play a very importantrole in 

the global environment. 

We are conducting observations and 

research for determining the heat ex- 

change between the North Pacific and 

Bering Seas, heat circulation in the sub- 

tropical zone, and the interaction bet- 

ween the atmosphereand the ocean. 

2.2 The Arctic Ocean 

The Science and Technology Agency 

of Japan took the leadership in a five- 

year Arctic Study with the (Special Co- 

ordination Fund for Science and Techno- 

logy Pronotion (SCP) in 1990-95. This is 

the first general Arctic study in Japan 

fifteen governmental research institutes 

and universities participated in this 

program in oceanographic, glaciological, 

atmospheric, instrumentational, agricul- 

tural and other Arctic sciences. Each 

subprogram was conducted in collabora- 

tion with foreign laboratories of four 

countries. JAMSTEC conducted extensive 

oceanographic, glaciological, meteorol- 

ogical, and biogeochemical observations 

in eternal ice areas in the mid-Arctic 

Ocean extensively with fully automated 

ice-ocean environmental buoys in col- 

laboration with the Woods Hole Oceanogr- 

aphic Institution. The purpose of this 

program was to observe the correlation 

of variabilities among oceanic, atmos- 

pheric and ice environments 



JAMSTEC followed this program one 

year later (1991) in initiating her own 

Arctic science in an international 

collaborative effort with the University 

of Alaska, The University of Washington, 

NOAA/PMEL, the Arctic and Antarctic 

Research Institute of Russia, and others. 

The purpose of this program is to de- 

velop an integrated Arctic system mod- 

el consisting of four elementary models; 

ocean, ice, atmosphere and surrounding 

land. These models are based on observa- 

tion, However, theoretical analysis on 

ice field deformation processes also 

being conducted. The current target area 

is the Chukchi Sea,but the East Siberian 

and other wesernmore marginal seas will 

also be target area in the future. 

Ship observations have been con- 

ducted over the Chukchi Sea, In addition 

underwater mooring systems and botton- 

mounted systems have been deployed in 

Barrow Canyon to observe the current 

reversal between ocean basin and con- 

tinental shelf all year round. 

3. CURRENT STATUS IN OBSERVATION TECH- 

NOLOGIES. 

3.1. Acoustic Tomography 

time tomography observation was conduct- 

ed and proved to be very effective in 

monitoring the temporal variation of 

the eocean structure. 

Acoustic characteristics of our new 

ly developed 200 Hz tomography source 

were measured in collaboration with the 

University of Wasington at the Lake 

Seneca facility in New York State. 

3.2 Laser Technology 

JAMSTEC has developed a shipboard 

ocean LIDAR (Light raDAR)to monitor the 

spatial distribution of phytoplankton in 

the water. The ocean LIDAR emits a green 

pulse laser to in the water and measures 

the intensity of the laser-excited fluo- 

rescence f ran phytoplankton and the in- 

tensity of light scattered from phyto- 

plankton . 

We have repeated the validation of 

the ocean LIDAR over the equatorial 

Pacific and the East China Sea through 

the bio-optical cruises. We could detect 

the top of the chloropyll maximum in the 

equatorial Ufwelling, where the chloro- 

pyll maximum was at a depth of 50m. We 

conducted the cruise jointly with Prof. 

Marlon Lewis of Dalhousie University. 

JAMSTEC has been developing an 

ocean acoustic tanography system for 

realtime observation of the global 

ocean in lOOOKmX lOOOKm areas to mon- 

itor large scale ocean phenonena. 

Two sets of 200 Hz tomography 

transceiver systems were completed in 

March 1995. Each system consists of a 

200 Hz tomography source, an array of 

five hydrophones, a satellite data con 

-munication system, and a mooring system. 

Also observations are conducted with 

three sets of acoustic transponder 

systems. 

An open-sea evaluation test for the 

sesystems was conducted off Shikoku for 

four months (April to July 1995). Real- 

3.3 Mooring Buoy Network 

In order to understand water ocean 

circulation and heat transports that 

influence climate change, we need to 

collect data on currents, temperature 

and salinity in the upper ocean over 

a long period of time. 

We started the buoy design and will 

conducted field test in the spring of 19 

96. The first deployment will be started 

in FY 1997 in the western tropical Paci- 

fic-. In the development phase, we ex- 

changed buoy technolgy information with 

PMEL and NDBC/NOAA, and WHOI. 

JAMSTEC developed two fully automat- 

ed ice-ocean buoys for Arctic observa- 



tion with the Woods Hole Oceanographic 

Institution. This buoy has been furnish- 

ed with many sensors to observe meteor- 

ological, glaciological, biogeochemical 

and oceanographic parameters in the 100 

m thick surface layer and has been dep- 

loyed on a stable, sufficiently thick 

ice floe. Theobserved data has been 

transmitted via The ARGOS satellite 

transmission system. The first one was 

deployed in the Canadian Gyre off Alaska 

in April 1992 and is still telling us 

its position. The second one was deploy- 

ed in the Transpolar Drift close to the 

North Pole in April 1995 and was reco- 

vered in November 1995 after completing 

successful observations. This buoy pro- 

gram was originally a part of the SCF 

program. However, we are thinking of 

incorporating it in to JAMSTEC's own 

program. 

crowave radiometer with NASA/GSFC for 

the sea truth experiment for the Advanc- 

ed Scanning Microwavce Radiometer (AMSR) 

on board ADBOS-II are for a fundamental 

study of the ocean environment from the 

equatorial Pacific up to the Arctic 

Oceans. 

Japan also plans to launch the TRM^ 

satellite with the US. This satellite 

should contribute significantly to the 

undestandting of tropical processes such 

as the interaction of ocean and atmos- 

phere through rainfall, evaporation, 

etc. These ..satellite programs are all 

closely correlated with Japan's environ- 

mental sciences. 

4. FUTURE PLAN IN OCEAN OBSERVATION 

4.1 International Program in Pacific 

Ocean Observation 

3.4 Remote Sensing 

Japan has launched earth observa- 

tion satellites and thoroughly applied 

their data in conbination with the data 

of foreign satellites, appliations have 

included infrared observation of sea 

surface temperature, visible observation 

of chlorophyll pigment and microwave 

observation of sea surface temperature, 

sea surface wind and sea ice. 

Japan has launched the ADEOS-I sate- 

llite which carries the (Ocean Color 

Thermal Scanners), NASA/Scatteroneter, 

etc., in collaboration with US and other 

foreign countries. Sane opportunity 

sensors are also to be launched in 1995. 

JAMSTEC has participated in this pro- 

gram by proposing sensor design and de- 

veloping analytical algorithms in con- 

junction with other laboratories. 

Japan will also launch the ADEO-II 

satellite in 1999. JAMSTEC proposed 

sane design parameters and analytical 

algorithms, However, JAMSTEC plans to 

develop an airborne, six-frequency mi- 

The TYKKI Panel of UJNR is an im- 

portant framework for enhancing informa- 

tion exchange and pronoting collabora- 

tive research in the Pacific among 

institutions in Japan and the USA. Con- 

tinuation of the activities is desirable. 

The CLIVAR program which succeeds 

the TOGA and WOCE programs of WCRP, will 

be an international program for ocean 

climate study. We will join the program 

and harmonize our ocean climate research 

program to obtain useful scientific 

results. 

4.2 International Program  in  Arctic 

Ocean observation 

The Arctic Ocean consists of two 

parts, the ever-ice-covered mid-Arctic 

Ocean and marginal seas where sea ice is 

most variable throughout the year. The 

collaboration with the Woods Hole Ocea- 

nographic Institution will cover this 

area. We are planning to watch the Trans- 

polar Drift and the Beaufort Gyre with 

two pairs of ice-ocean environmental 



buoys in the future. 

There are four marginal seas east 

of the C hukchi Sea. There are already 

some gongoing international programs in 

these seas including. Russia-US collabo- 

ration in the East Siberian Sea, and 

Russia-Germany-US collaborion in the 

Laptev Sea, Russia-Norway collaboration 

in the Kara and Barents Seas. We hope 

that we can join the programs in the 

future. 

JAMSTEC enrolled in the Interna- 

tional Arctic Buoy Program (IABP) last 

June, However, this program contributes 

to the WCRP/ Arctic Climate System 

Study (ACSYS) as well as other programs 

such as the Surface Heat Budget of 

the Arctic Ocean (SHEBA) program. 

JAMSTEC is interested in these programs 

as well and hopes that the observation 

in these programs will all be useful 

for modeling Arctic processes. 

shows an example of the observation plan 

in the equatorial Pacific in theTYKKI pro- 

gram. 

Various observational programs are 

also being conducted in other areas. I 

hope that they are all successful so 

that the GOOS program will be beneficial 

to all. 

5. CONCLUDING REMARKS 

As previously stated , Japan and US 

have collaborated in GOOS. Both coun- 

tries have also agreed about pronoting 

observation and research, at the Japan-US. 

Joint High Level Conmittee Meeting for 

the Science and Technology Agreement in 

May 1993. The Panel for "the Pacific 

Ocean Observation and Research Initia- 

tive" was established at the US-Japan 

Conference on Development and Utiliza- 

tion of Natural Resources (UJNR) plenary 

session in July 1993. 

This cooperative work is expect- 

ed to enhance the observation and re- 

search activities in the Pacific Ocean 

which will contribute to developing GOOS 

in this region. 

Figure.1 shows the area of Japan's 

Triangle Observation Initiative from the 

tropical up to the Arctic Oceans in 

the TYKKI program twenty-nine subpro- 

grams have already been going. Figure.2 



Fig.1 Triangle Program 

A Arctic Ocean ; Atmosphere-Ocean-Ice Interaction 
B North Pacific Ocean ; Decadal Scale Variability 
C Monsoon Region 
D Warm Water Pool 
E TAO Array 
F ENSO Region 
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DEVELOPMENT ON ADVANCED WHALE MIGRATION 
TRACKING SYSTEM 

H. Nakahara(Research Institute for Ocean Economics), S. Ohsumi(Institute of Cetacean Research), 
H. Maeda(University of Tokyo) and T. Hayashi(ehiba Institute of Technology) 

1. Introduction 

At the Kyoto Meeting of IWC (International 
Whale Commission) which was held in Japan in 
last May 1993, after 25 years absence. 
"Resolution on Research related to Conservation 
of Large Baleen Whales in the Southern 
Oceans", which had been proposed by 7 
countries including Japan, was adopted. 

But, the conventional method of observing 
whale resources has been depending on watching 
by human eyes. Therefore, it is common 
understanding that we should collect scientific 
data supporting migration pattern, mode of life 
and volume of resources of whales, as the 
premise of all opinions. 

However, since there has been no usefull 
observation system, RIOE (Research Institute for 
Ocean Economics) has come to research and 
develop whale's migration tracking system using 
"the state of art" which is "kind" to living bodies, 
with auspices of Japan Fisheries Agency. 
RIOE has been engaged in R&D activities on the 
development on whale migration tracking 
system, tentatively focusing on blue whale since 
1993. The full range of scientific information on 
their behavior through their whole life is 
required. 
We pay a special attention to the new advanced 

technologies for the development of this system. 
The vital pivot technology for the conventional 
type of this kind of system is the battery life for 
the transmitter. Instead of battery, we are trying 
to apply an automatic power generation system 
which was recently developed by the watch 
manufacturer for a wrist watch to our migration 
tracking device development. It will be put into a 
probe, a kind of towing fish,, and be designed to 
keep generating according to the oscillating 
motions in the sea-water while the probe is being 
towed by a whale. Second key technology is 
how to attach this probe on the skin of the whale. 
Scientist group of IWC extends their favor to this 
research. This paper highlights the outline of this 

research activities, including preliminary 
experiments plus some discussion on small 
satellite for exclusive use for this system. 

2. Scope of "Whale migration tracking system" 
and the outline of total system 

The  system  as   shown  in  Fig.   1  has 
developed with the following features: 

been 

2.1. Development of small  type   transmitters 
operated by ultra long-duration power supply 
sub-system in the water 

Instead of the conventional batteries, new-age 
built-in type automatic power supply sub- system 
may be developed so that data record, storage 
and transmission function can be fully 
applicable. 

2.2. Development of new attachment sub-system 
using materials which are "gentle" to living 
bodies of whales 

New method of attachment of transmitters made 
of materials such as "Shape Memory Alloy", 
which give least effect to living bodies and may 
be sepereated after achieving its purposes. 

2.3. Development of total system covering 
ecological informations as well as location data 

Integrating above sub-systems, epoch-making 
total system, which cover location data 
transmission and reception systems, idetifying 
individual whales and analysing migratory 
pattern with its own proprietary software. At the 
same time, another sub-system of grasping such 
data as the adequate temparature and depth 
corresponding to migratory pathways may be 
developed. 

In the future, the possibility of launching the 
proprietary satellite, with which not only 
"individual"   informations   but   also   "group" 



information may be captured, will be studied. 

3. Ultra long-duration power supply sub-system 
in the water (electric power generation system 
utilizing motion of whale) 

To perform the observation of whale's behavior 
pattern for long duration, the power supply of 
the probe should live long. For this purpose 
development of a unique power supply system - 
Whale Power Generator System - is now 
proceeded intensively. 

3.1. Electric power for sensor probe utilizing 
motion of whale 

The easiest way for supplying electric power to 
the instruments on board in the probe would be 
the use of primary batteries, for example, Li 
batteries. However, in order to avoid to be 
suffered from the limitation of life, application of 
an electric power generation system utilizing the 
motion of a whale to the power source of the 
probe would be quite attractive. 
The principle of this system, which is named 

AGS (Automatic Generator System), has been 
developed by Seiko Epson Co, and is already 
practically applied to a kind of wristwatch. The 
generator comprises of a small pendulum, a 
micro-electric generator, and a quarz watch. As 
a result of acceleration given by the motion of 
arm, the pendulum activates a high speed 
rotational motion of the micro-generator, and 
electric AC power is generated. After 
rectification, regulation, and charging of a 
capacitor, 6mW of DC output is supplied to drive 
the quarz watch electronics.(Fig.2) 
Since the size of the AGS unit is similar to that 

of a lOOyen or quarter coin, it would be possible 
to build a power unit of several watts by stacking 
many of those units in a reasonable size and 
weight. If this power system package were 
installed in the probe state above, the power 
needed for the operation of the on board 
instruments would be supplied through the 
motion of the whale, and long duration of 
observation would be ensured. 

3.2. Experiment (1): Drag Test of a Probe 

For obtaining fundamental data on the motion of 

a probe towed in water, and correspondingly 
generated electric power of AGS, an experiment 
was carried out in a towing tank of the National 
Research Institute of Fisheries Engineering in 
Hasaki, on January 19-27, 1994. Set up of the 
test equipment is shown in Fig.3. 
Two units of AGS are installed in a probe to 

obtain electric power corresponding to pitch and 
roll motions of the probe. Output AC voltages 
are converted into optical signals in the probe, 
and are sent by an optical fiber cable stretched 
along a towing rope to a data processor unit 
placed on the tank side. 
The nose of the probe is fixed to the end of a 
rope made of wound piano wire. Another end of 
the rope is fixed through a six component 
dynamometer to the bottom of a towing 
carriaage, which can run along the towing tank. 
More than hundred cases of towing conditions 

were tested by combining various parameters, 
for example, velocity of the carriage, length of 
the rope, several sets of load resistance of the 
generators, with and without the tail fins on the 
probe. Some of the data obtained are shown in 
Fig. 4. Power generation by means of the probe 
motion has thus been confirmed. Dependence of 
the towing speed on the resistive force measured 
by dynamometer, is shown in Fig. 5, which 
would also be useful for designing the 
probe(harpoon). 

3.3. Experiment (2): Test on a Motion Simulator 

To obtain performance data of AGS unit, drive 
test on a motion simulator was conducted on 
December 1 to 8, 1994, using a 3-degree - 
freedom motion simulator of the Institute of 
Industrial Science, University of Tokyo. 
For this test three AGS units are fixed on three 

surfaces as to be vertical to each other in a 
rectangular case (Fig. 6). The case is attached as 
a test piece on a tilted block, which is fixed at the 
end of a lever of the simulator (Fig. 7). 
The motion simulator can drive the test piece in 

composed mode by means of independently 
controlled motors corresponding to the assigned 
levels for pitch, yaw, and roll angular motions. 
AC output from each AGS unit is rectified and is 
applied to a capacitor of large capacitance. Each 
DC voltage at the capacitor terminal is connected 
to a data logger for recording, and a rectigraph 



for monitoring. In this test, yaw and roll angular 
amplitudes were fixed to 10° and 20° 
respectively. It was a main task, here, to find out 
how the DC output of AGS depends on the 
periods corresponding to the yaw and- roll 
angular vibrations. On this standpoint, tests 
were made under the conditions among the 
combinations of following cases. 

Ex.1 : 
Roll Period: 0.6s, and Yaw Period: 0.8s, 1.0s, 

1.2s 
Ex.2: 

Roll Period: °0, and Yaw Period: 1.2s, 1.6s 

Results obtained are shown in Fig.8. In this set 
up, the AGS unit, which was fixed to be 
sensitive to the z-axis torque, was effective for 
generating electric power by roll motion. 

4. Outline of the studies on attaching system 

In 1994, the RIOE's study team for the 
development of tracking system for migration 
research of blue whales set up a working group 
to examine attaching system of a probe which 
contains automatic-power-generators, sensors, 
transmitters, antenna and other auxiliary 
equipments. This system is expected to keep 
working for long duration of the whale's 
migration. The working group had meetings, 
discussions and hearings from experts of the 
outside academic and business worlds, and 
conducted some experiments as well. This paper 
describes the outline of the studies carried out by 
the working group in that year. 

4.1.Concepts of attaching system 

ITie working group studied some possible 
concepts of attaching systems as shown in Fig. 
9. 

(1) Type-A: 

Sticking a head unit into a whale's skin like a 
spear-head. For this type, the following two 
alternatives were studied. 

A - I'A head unit which penetrates into the skin 
of a whale up to a moderate depth -the muscle 

just below the fat layer- tows a probe with a 
rope. The concept is composed of a head unit, a 
towing rope, a probe with an antenna, along with 
a shooting system and supporting systems (boats 
and/or helicopters). 

A -2.:A head unit with which a probe is 
combined penetrates into a whales skin, and it 
will be kept remained under the skin. After 
reaching the target layer as a single body, an 
antenna is automatically drawn out of the rear of 
the unit to transmit data to a satellite. The 
components of this system are a combined body 
with head unit and probe, a shooting system and 
supporting systems. 

(2) Type-B: 

Fitting a head unit on a whale's skin surface 
without sticking and penetrating. For this type 
two alternatives were discussed. 

B - l:Fitting a head unit attached on the skin by 
adhesive agents. The head unit tows or contains 
a   probe.    Tlie most critical question for this 
concept is to find out an adhesive agent effective 
enough to attach a head unit on the wet skin of a 
whale within a moment, and to keep holding in 
for a long period of whale's migration. The 
configuration and materials are also important 
problems. 

B - 2.:Fitting a head unit on the skin by a 
vacuum acetabulum.The key point of this 
concept is to develop a compact type of unit 
combined with a small vacuum pump inside the 
unit which works instantly, when the unit hits the 
skin of a whale. 

4.2.Experiments 

In parallel with the above studies, the working 
group conducted some experiments as the 
following. 

(1) A primary experiment on the performances of 
adhesive agents in sea water using dolphins in an 
aquarium. 

(2) An experiment to analyze the bio-physical 
character of the skin layer of whales using flesh 



of a dead dolphin. 

In addition, a preliminary experiment using a live 
dolphin was conducted for the development of a 
vacuum-fitting system. 

4.3. Discussion and achievements 

(1) As for the concept A -1: 

A design of a head unit of stick shape was 
figured out. It has a slender cylindrical body 
with a peaked head on the top around which 
some folded hooks of shape-memory alloy are 
equipped. And a stopper is in the rear. 
When the unit sticks on the back skin of a 

whale, the stopper works and the peaked head 
stops at the muscle just below the fat layer after 
penetrating into the skin. Then the hooks come 
back in their memorized shapes by the body heat 
of the whale, and hook themselves in the muscle 
just like an umbrella opens. A towing rope is 
accommodated inside of the unit. 

To minimize and compensate the pains and 
damage to a whale, aptitudes of a variety of 
materials including bio-compatible plastics were 
investigated. Medicines and chemicals, and 
techniques were also studied to prevent 
expansion and suppuration of wounds in and on 
a whale's body. 
A design for a prove was studied. It has a 

cylindric capsule type of a body which contains 
micro-automatic generators, sensors, data- 
storage, transmitters and an antenna inside, and 
attaches some tail fins outside. The optimum 
design will be developed in taking account of the 
results of further model experiments. Techniques 
for towing of a probe were studied. Effective 
methods of towing, connection and separation 
were discussed. 

Regarding the shooting system, preliminary 
designs of air-gun system and portable rocked 
system were proposed. And a remote controlled 
helicopter which mounts this device was also 
proposed. 
The final option will be made after all designs of 
a head unit and a probe are decided. 

(2) As for the concept A - 2: 

This concept is attractive from a point of view 

that it can be more certain to keep a probe on a 
whale's back, because a probe is combined with 
a head unit. However, as a possible design of a 
probe might be not so small as in conventional 
tagging or telemetering systems, further 
examination will be necessary to develop a 
compact unit as well as micro-devices to be 
equipped insided. 

(3) As for the concept B -1 and B - 2: 

These concepts are much more attractive, 
because these types of systems are almost 
harmless for whales. Yet the performances of 
adhesive agents and a vacuum for instant fitting 
and long-time adhering have not been proved. 
Further studies on new adhesive agents and 
micro-vacuum pumps with experts of chemical 
and mechanical industries are now continuing. 

5. Whale ecology observation satellite system 

A plan   named  Whale   Ecology   Observation 
Satellite  System   is   now proceeded   under   a 
cooperation of several institutes in Japan. This 
system    comprises    three    element:    a   small 
dedicated satellite on a polar orbit, ecological 
sensor probes attached to whales, and a ground 
operation  center.(Fig.lO)      In  each   probe,   a 
receiver of Global Positioning System (GPS), 
several sensors to collect ecological data of a 
whale, a memory device to record the data 
collected,    and    an    UHF    transmitter    are 
installed.(Fig.ll and 12) 
When the whale along with the probe come up to 
the sea surface, GPS receiver will catch the 
signals from several GPS satellites, and will 
locate the position of the probe.   The position 
data together  with  the   ecological  data,   for 
example,   temperature,   pressure,   geomagnetic 
field, etc, will be sent to the satellite on a polar 
orbit of 1300km high.   The satellite will store 
those data in a memory device on board. (Fig. 13 
and 14) When the satellite flies over the ground 
operation center, it will send up a command 
signal to the satellite, then the data in the memory 
will be sent back to the earth by as S-band 
telemetry.  The ecological data and informations 
on migratory pattern will be provided to relevant 
agencies and organizations. 



6. Conclusion 

(1) Feasibility of power generation by means of 
the motion of a probe has been confirmed 
experimentally. Higher level of power generation- 
by stacking many AGS units will soon be tested. 
For that test, stacked AGS units and a memory 
device to store the data on output power will be 
installed in a probe. The probe will be fixed to a 
dolphin in an aquarium by banding, and the data 
will be retrieved later on. 

(2) Reliable attachment of the probe to a whale 
would be indispensable to realize the power 
system stated above. For this purpose variety of 
studies were conducted. The working group has 
got a lot of achievements through a wide variety 
of studies in 1994. The group will make 
progress these studies in more detail from now. 
And an optimum plan for the development of a 
attaching system will be made up by the end of 
the fiscal year of 1995 (March of 1996). 
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RESULT OF SEA TRIAL OF 10,000m CLASS ROV "KAIKO" 

Masayuki TAZAKI, Masanori KYO 

Japan Marine Science and Technology Center, Deep Sea Technology Dept. 

2-15 Natsushima-cho, Yokosuka, Kanagawa237Japan 

ABSTRACT 

Japan Marine Science and Technology Center 

(JAMSTEC) constructed a 10,000m class deep sea 

research ROV(Remotely Operated Vehicle) system 

named "KAIKO" which consists of a vehicle, a 

launcher, cables and a cable handling system. This 

system is installed onto "YOKOSUKA", a support 

vessel for manned submersible "SHINKAI 6500" and 

thus 'YOKOSUKA" carries both "SHINKAI 6500" and 

"KAIKO". The sea trials were divided into three phases 

from shallow water to deep water. The first phase was 

at 1,000m deep ocean near the mainland of Japan. The 
second phase was at Japan Trench 6,500m deep. The 

final phase was at Mariana Trench in order to confirm 
the full ocean depth capability. 

The construction began in January, 1991. The 

sea trials were originally scheduled from May to July, 

1993, however, it was postponed until March, 1995, 

owing to some troubles in the sea trials. 

The features of the system and the results of the 

sea trial are reported in this paper. 

INTRODUCTION 

"KAIKO" consists of a vehicle, a launcher, 

cables and a cable handling system, as shown in Fig.l. 

With this "KAIKO" system, the total deep sea research 

system is completed which consists of 'YOKOSUKA" 

with a multi narrow beam echo sounder for wide area 

survey, "KAIKO" for medium range survey, and 

"SHINKAI 6500" for precise survey. 

"KAIKO" has three mission modes. The first is 

to survey the ocean floor down to 6500m deep by towing 

this system. In this mission, the sea floor topography 

and the stratum beneath the sea floor are surveyed by a 

side scan sonar and by a sub bottom profiler both fitted 

on the launcher and precise observation by TV cameras 

is done by the freely swimming vehicle. This towing 

survey is the advanced survey for the precise survey by 

the manned submersible "SHINKAI 6500". 

The second mission is to survey the ocean floor 

down to the full ocean depth. In this mission, the 

launcher is not towed but hung down to nearly 100m 

above the sea floor and becomes a platform for the 

vehicle. The vehicle carries out precise surveys by freely 

swimming around the launcher within 200m radius. 

The third mission is to rescue the "SHINKAI 

6500" if it becomes unable to ascend by itself. This 

mission is just an application of the second mission. 

FEATURES OF SYSTEM 

The vehicle has a broadcasting class color TV 

camera for precise survey of the ocean floor, three color 
TV cameras, and a monochrome TV camera for 

observation and navigation. 

Support vessel "YOKOSUKA" 

Control room 

Launch/recovery gea 

Primary cable handling device 

Primary cable I 

Launcher 

Vehicle 

Fig.l "KAIKO" system 



(3-2), (8-2) (16) (IWW) 

(l)CTD, (2)Side scan sonar, (3-l)Sub bottom profiler 
receiver, (3-2)Sub bottom profiler transmitter, (4)LBL 
receiver, (5)SSBL receivers, (6)Responder, (7)Obstacle 
avoidance sonar, (8-l)AUitude sonar receiver, (8-2)Altitude 
sonar transmitter, (9)Gyrocompass, (10)Roll/pitch meter, 
(1 l)Winch, (12)Sheave, (13)Mating equipment, (14)TV 
camera, (l5)Power supply unit, (16)Hydraulic pump unit, 
(17)Valve unit, (18)Primary cable, (19)Distributor & 
Transformer 

Dimension L5.2mXW2.6mXH2.0m 

Weight 5.3tons(in air), 3.2tons(in water) 

Tow speed l.Sknots 

Fig.2 Launcher 

(8)  (9) (18) (20) (22)      (8) (15)     (10) 

(1).(12).(14) 

(2) (18)    (17) (19)        (13)(3) 

(l)Power supply unit, (2)Hydraulic pump unit, 
(3)Broadcasting class color TV camera with pan/tilt device, 
(4)Color TV cameras with pan device, (5)Monochrome TV 
camera, (6)3Smm still camera with pan/tilt device, 
(7)Manipulator, (8)Horizontal thrusters, (9) Vertical thmsters, 
(lO)Obstacle avoidance sonar, (ll)Altitude meter, 
(12)Gyrocompas, (13)Depth meter, (14)Roll/pich meter, 
(15)Responder, (16)Sample basket, (17)Oil cooler, 
(18)Buyancy material, (19)Motor, (20)Valve unit, 
(21)Secondary cable, (22)Distributor & Transformer 

Dimension L3.1mXW2.0mXH2.3m 

Weight 5.6tons(in air), -10kg(in water) 

Power Electro-hydraulic power, 45kW 

Propulsion 
H. thmster, 6.6PS x 4 

V Ihnister. 7.0PSX3 

Speed 2knots 

(1)     (2) 

Primary cable 

»    (2) (3) 

Secondary cable 

(1 )Conductor, (2)Optical fiber unit, (3)Tension member 

Primary cable             Secondary cable 

Type Optical fiber / electric power completed cab 

Voltage 3000V AC, 60Hz, 3 Phase 

Optical fibei Single mode Multi mode 

Length l2(XX)m 250m 

Diametei 4>45mm iti29mm 

Tensile strcngtl" >40tons >3lons 

Fig.3 Vehicle 

Fig.4 Cables 

The launcher has a monochrome TV camera in 

order to watch the mating of the launcher with the 

vehicle. 
Very high speed data communication via optical 

fiber (about 1.26Gbps) is available which enables video 

image transmission of these six TV cameras and other 

data/control signals at the same time. 
The vehicle has a pair of manipulators with 

seven degrees of freedom. 

The launcher has a side scan sonar and a 
parametric array sub bottom profiler for topographic 

and stratum surveys. 

Automatic control of the vehicle and the 

launcher is extensively introduced for the operation and 

this relieves the operators of their complicated loads. 

The primary cable handling system consists of 

a launch/recovery gear, a heave compensator, a traction 

winch and a cable store winch. The heave compensator 

is a passive ram tensioner. 

A computer based operation support and 

recommendation system is installed on board the 

support vessel and this helps the captain and the 

operators to bring and keep "KAIKO" into the target 

zone. 



OPERATION SEA TRIAL 

In normal case, "KAKO" and "SHINKAI6500" 

are on the same rail and housed in the hangar of the 

support vessel. For the operation of "KAIKO", • 

"SHINKAI 6500" is sled to sideways. Then "KAIKO", 

that means the launcher, the vehicle and launch/recovery 

gear with gimbal sheave each on a trolley, is drawn 

aftward to the stem, dragging the primary cable. 

The launch/recovery gear is connected with the 

A-frame crane at first, then the mating device hung by 

wires comes down to the launcher and mates with each 

other. The launcher, holding the vehicle, is pulled up 

and the A-frame crane swings aftward. The hanging 
wires with their own heave compensators is paid out 

until the launcher and the vehicle comes to about 5m 

deep. At this depth the electricity is supplied and 

"KAIKO" is activated. After pre-dive check, the wires 
are paid out to become slack and whole weight of 

'KAIKO" is sustained by the primary cable. The mating 

device is hydraulically disconnected at this point. 

After this stage the whole "KAIKO" system is 
controlled from the control room which is located in 

the aft-wheelhouse of the support vessel. The primary 

cable is automatically paid out and "KAIKO" descends 

to the target depth. The captain operates the support 

vessel following to the data shown by the operation 

support and recommendation system so that "KAIKO" 

can arrive at the target area surely. During descending 

and ascending between the surface and the depth 

adjacent to the seafloor, the launcher holds the vehicle 

under its body. At the target altitude (usually about 

100m above the sea floor), the vehicle leaves the 

launcher for the survey. After the work has finished, 

the vehicle retums to the launcher. 

After the survey has been over, the launcher 

holding the vehicle ascends to the surface due to 

winding up of the primary cable. 

Beneath the surface of about 5m deep, the 

winding up is stopped and the mating device of the 

launch/recovery gear comes down to the launcher and 

mates automatically. After confirming that they mate 

surely, the electric power supply is switched off and 

'KAIKO" is recovered by the wires. The A-frame crane 

swings forward and put "KAIKO" onto the trolley. 

After fresh water cleaning and post-dive check, 

"KAIKO" and launch/recovery gear on the trolley is 

drawn forward to the proper position in the hangar. Thus 

"KAIKO" operation comes to end. 

The sea trials were divided into three phases 

from shallow water to deep water, and were originally 

scheduled from May to July, 1993, however the final 

test at Mariana trench was postponed until March, 1995. 

The first phase was at 1,000m deep ocean near the main 

land of Japan. The second phase was at Japan Trench 

6,500m deep. The final phase was at Mariana Trench 

in order to confirm the full ocean depth capability. 

(l)Sea Trial until August 1993 

Sea trial started in May 1993. The first stage 

was 500m deep at Kii Suido. The vehicle reached to 

the 500m deep bottom and it was successful. The second 

stage was 1,300m deep at Kii Suido in June. At this sea 

trial, the KAIKO had a damage on the secondary cable. 

While the vehicle was waiting near the sea bottom, a 
part of the slacked secondary cable which was designed 

neutrally buoyant but was a little buoyant had went up 

above the launcher and it entangled with the primary 

cable, as shown in Fig.5. This situation meant that the 
vehicle could not mate with the launcher. So the 

launcher was slowly pulled upward while the vehicle 

Launcher 

Fig.5 Entanglement of Secondary cable 



was operated to go upward. At the surface the entangled 

cable was released manually and then they mated each 

other in the water. They were recovered without 

problem but the secondary cable was found to be 

damaged at the entangled point and it was decided to . 

use a spare secondary cable of the same specification. 

There were another damages to be repaired on the other 

parts, the sea trial was postponed by about two months 

later. 

In August, sea trial of the towing test of the 

launcher alone was carried out. The operation seemed 

well but the motion of the launcher was quite strange. 

While going up or down, the launcher turned many 

times. While towing, the launcher wouldn't face 

forward. When the launcher was recovered, it was found 

that the surface covers of the launcher were severely 

damaged and the frames were bent. After Video tape 

analysis, it was found that the launcher was damaged 

at the launching stage to the sea surface by a hit of 

sudden solitary high wave. As the repair took long 

period and a cruise of "SHINKAI6500" was scheduled 

in September through November, the sea trial of the 

"KAIKO" was suspended during this term, and the 

repair and the improvement of the launcher and the 

launch/recovery system into more robust ones were 

carried out. 

(2)Sea Trial in December 1993: 1,300m deep area 

The vehicle had made only two dives until 

August, and problems on vehicle couldn't be found. 

But this time, the vehicle dove four times and its 

capabilities and problems were clarified very well. 

Especially maneuverability of the vehicle was found to 

be fine and it could swim like a real fish. 

(3) Sea Trial in January 1994: 6,500m deep area 

The trial depth was deepened to 6,500m, and 

the area was chosen at Ryukyu Trench, south east of 

Okinawa Island. There, proof test of towed capability 

of "KAIKO" at 6,500m deep was carried out, and it 

was found out that the vehicle could cruise long distance 

with about 1m altitude following the towed launcher. 

Also the vehicle landed on the 6,640m deep sea floor, 

while the launcher was waiting at about 6,540m deep 

(about 100m above the sea floor). 

(4)Sea Trial in March 1994: Challenger Deep at 

Mariana Trench 

On March 1st, 1994, the final sea trial was 

carried out at the Challenger Deep at Mariana Trench. 

The launcher holding the vehicle was lowered down to 

10,800m deep, and the vehicle started swimming after 

leaving the launcher. The vehicle moved above the sea 

bottom with the altitude of 2m. Although the depth 

meter of the vehicle showed 10,901m, the depth data 

corrected by the data of the temperature and the salinity 

distribution showed 10,909m. 

After the vehicle cruised for about half an hour, 

when the vehicle was approaching right below the 

launcher, as shown in Fig.6, the data transmission was 

suddenly blacked out. It seemed nothing was wrong 

with the launcher or the electricity supply; the light and 

the thrusters were still working. So, the vehicle was 

drawn toward the launcher and was mated with the 

launcher by pulling the secondary cable. Then the mated 

launcher and the vehicle were drawn toward the surface 

by winding up the primary cable. When "KAIKO" was 

recovered on the deck of the support vessel, the data 

transmission system had already become alive 

spontaneously. 

It took very long time and great efforts to 

investigate the cause of the trouble, and finally it was 

solved. The main cause of the data transmission 

blackout was found to be the micro-bending of the 

optical fibers. The volume of the sea wnter introduced 

into the Kevlar braided layer for the pressure 

compensation was too little, so that the secondary cable 

lost its flexibility to have the micro-bending. 

The new secondary cable was improved to fill 

up the Kevlar braided layer with gel for the pressure 

compensation in stead of the sea water while its 

manufacturing. 

Fig.6 Tracks of Vehicle and Launcher 
at Challenger Deep in 1994 



Another trouble, by the first and the deepest 

diving for "KAIKO", was the minute cracks of the 

buoyancy material. These cracks spreaded not only on 

the surface, but also in the middle position of the block. 

As the buoyancy material, we use a syntactic foam, . 

whose density is 0.63g/cm3, and whose collapse 

pressure is more than 1,700 kgf/cm2. The further survey 

showed that these cracks was not due to the collapse of 

the material, but the separation of the adhesive boundary 

against very high and cyclic pressurization. So, more 

elastic adhesive were selected to bond each block while 

manufacturing new buoyancy material. 

After some other repairs and modifications were 

done to improve the "KAIKO" system, the re-challenge 
for Mariana Trench was carried out next year. 

(5) Sea trial in March 1995: re-challenge for Mariana 

Trench 

On March 24th, 1995, we finally came back to 

the deepest sea bottom on earth, Mariana Trench. It 

took almost one year since the last. For the sea condition 

on that day, the swell was 2m high and the sea state 
was 2 or 3. 

"KAIKO" on the trolley was drawn aftward to 
the stem at 7:20 am.(local time), and was launched at 

7:55 am.. During the early trials, it had taken more than 

2 hours for launching operation. This time reduction 

was a big progress. 

After supplying 3,000V to check all the parts of 
the system in the shallow water, the launcher holding 

the vehicle inside its body descended directly and 

accurately to the deepest point, 1 lo22.400'N. and 

142o35.550E., measured by MNBES of 

"YOKOSUKA". 

At 10:58am., the launcher arrived at the 10,803m 

deep, that was about 100m above the sea bottom. After 

some checks, the vehicle left the launcher to descend 

toward the sea bottom. The length of the secondary 

cable was adjusted properly against the relative position 

between the launcher and the vehicle. Then, finally, 

the vehicle reached to the deepest point on Challenger 

Deep of Mariana Trench. The sea bottom was covered 

with light yellow colored silt. The depth meter corrected 

with the data of the temperature and the salinity 

distribution showed 10,911.4m. The location of the 

touch down point was at 11022.394'N. and 

142035.54rE.. 

On the sea bottom, the vehicle took out the 

marker plate, on which it was written "KAIKO 

Fig.7 Picture at Mariana Trench 

1995.3.24", from the sample basket to place it for this 

memorial day, and also set the bait of the fish to draw 

the living organisms in the deepest ocean. These are 
shown in Fig.7. 

Then, the vehicle cruised maintaining the 

altitude of 50cm. While circling in the course of 50m 

radius, we observed a kind of swarm, which was white 
and a few centimeters long, was floating with twisting 

its body. 

While approaching the point where the marker 

was set, the obstacle avoidance sonar detected a strong 

signal, that was from the marker which had been set 

last year. This indicated that we came to just the same 

point as last year, and proved the high accuracy of the 

acoustic navigation system, even at 11,000m deep. 

Before ascending to mate with the launcher, TV camera 

took some organisms near the bait. According to a 
biologist, these organisms are suspected to be a kind of 

amphipodous. These organisms are shown in Fig.7, near 

the marker plate and the bait. 

After having a good crop, the vehicle mated with 

the launcher at 12:09pm., and "KAIKO" was recovered 

on board at 15:29pm. without accident. 

CONCLUSION 

J AMSTEC succeeded in the development of the 

full ocean depth ROV. The pilot crew of JAMSTEC 

will continue the training of the operation until Febmary 

1996. 

We has the plan to improve the 'KAIKO" system 

for more efficiency and more reliability, and also has 

the plan to build the new support vessel only for 

"KAIKO". 
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1.   Introduction 

Critical issues for the future of the world are the 

shortage of food, natural resources and energy and 

the deterioration of the global environment. 

According to a report by the World Watch Institute 

(Fig. 1-1) , with world population predicted to reach 

10 billion by the middle of the 21st century, general 

environmental degradation and in particular the 

shortage of food are problems that must be tackled 

with urgency in order to ensure the survival of 

mankind. 
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Fig. 1-1 World per capita grain production and 

population growth. (I) (Note : The 

world population trend line has been 

added by the authors) 

It is well known that grain production is strongly 

influenced by the effect of climatic changes on 

vegetation growth and the water cycle. At issue is 

the global warming and climatic changes resulting 

from the accumulation of greenhouse gases such as 

carbon dioxide in the atmosphere.    (Fig. 1-2) 
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Fig. 1-2   C02 concentration and emission in 

the atmosphere   (2) 

The IPCC (Intergovernmental Panel on 

Climatic Change) is making extensive efforts to 
predict the warming trend. However, at present the 

reliability of such predictions includes some 

uncertainty due to the wide variation between the 

simulation results produced by the various models, 

resulting in a lack of strong international consensus 

on the assessment of the affects of global warming 

on the global environment and the countermeasures 

to be taken. 

The ocean is known to have much influence on 

the global climate, and also, contain massive food, 

energy and mineral resources, and the seabed is often 

the origin of such natural disasters as earthquakes, 

tsunamis and volcanic eruptions. In this sense, it is 

vitally important for mankind to increase 

understanding of the ocean. 

In April 1991, the Nikkei Research Institute of 
*(_hiet research tellow. Nikkei Research institute or Industry and Markets. 
'•Managing Director, General manager, Corporate Diversification Hq., Mitsui Engineering & Shipbuilding Co., Ltd. 



Industry and Markets (Nikkei RIM) , established a 

research committee on Ocean Science and 

Technology for the Global Environment made up of 

university professors, engineers from industry and 

journalists with the objective of drawing up a 

comprehensive plan to promote international 

cooperation for better understanding of the oceans 

in order to cope with the vital issues related to 

resource limitations and environmental degradation, 

and to present it to Japan's political parties and the 

government as a proposal for Japan's contribution to 

solving these pressing problems. The committee's 

report was submitted in July 1992 and released to 

the press. 

In June 1994, Nikkei RIM reestablished a similar 

research committee to make a more detailed plan as 

SEA- u> Program in line with the above , and is 

compiling the final report. 

This program involves the creation of a global 

ocean observation network as the basis for coping 

with the above mentioned issues by deepening 

understanding of the various oceanic processes and 

facilitating accurate, practical, long term prediction 

of climatic change. This paper gives an outline of 

the SEA- cu Program. 

2. The Nature and Variety of Oceanic Processes 

and the Importance of an Effective, 

Comprehensive Oceanic Observation System 

2-1 The Influence of the Ocean on Mankind 

As described above, the ocean has a strong 

influence on the survival of mankind, and to increase 

our knowledge of it, the following major research 

themes and oceanic studies are proposed. 

(1)   Drastic improvements in oceanic observation 

and climatic models are necessary in order to 

alleviate or eliminate food and environmental 

problems.   At present there are about 20 

numerical models in use.   However, their 

reliability is still not certain and they are not in 

practical stage yet. A major reason is that they 

do not sufficiently reflect the role of the ocean 

in climatic change, despite attempts to take 

account of the interaction between the ocean 

surface and the atmosphere. This is largely 

because the quality and quantity of available 

data are not enough. Accordingly, the 

development of more sophisticated and useful 

models shall require a lot more and better 

quality data that will enable us to gain a greater 

insight into the workings of the ocean and its 

influence on climate, especially in regard to such 

mechanisms and phenomena as heat transport 

in the ocean, and carbon cycle in the ocean. 

(2) It is important to increase our understanding of 

the mechanism of biological reproduction in the 

ocean and the continuing biocycle to understand 

the ocean biomass as a food resource and finally, 

to define the sustainable limit of the biocycle 

despite its utilization as a food resource. 

(3) It is necessary to improve prediction of 

earthquakes and volcanic eruptions by 

elucidating plate and plume techtonic. 

2-2   Requirments and Concept for the Ocean 

Observation System 

The concept of an ocean observation system as 

the basis of our attempts to better understand the 

ocean is as follows. 

(1)   Long term monitoring and study of the ocean 

and its various mechanisms 

The ocean is a complex and ever changing 

interrelationship of many phenomena and 

mechanisms that are constantly in a state of flux over 

the short, medium and long terms. For instance, 

ocean current has a "life cycle" of approximately 10 

years,while that of intermediate water and deep water 

are in the order of several tens of years and 1,000 to 

2,000 years respectively. While, short term 

phenomena such as the sinking of intermediate water 

occurring over several days or a week, the sea surface 

flux of C02, biological pumps and so on are in 



operation simultaneously. In conjunction with these 

various phenomena, the physical, chemical and 

biological mechanisms that have an impact on and . 
are part of the global environment and climatic 

change such as heat transport, substance cycling-etc.. 

are constantly interacting in complicated and often 

poorly understood or unknown ways. In order to 

elucidate such mechanisms it is essential to create a 

system capable of monitoring such phenomena on a 

global scale so as to acquire, process, interpret and 

disseminate the appropriate data. Therefore, ideally, 

data should be constantly acquired simultaneously 

and in real time by a network of permanent, fixed 

monitoring stations arranged in a grid across the 

ocean. Unfortunately, this is not economically 

practical given the vastness of the ocean. 

In view of the above, in order to build up an 

efficient, reliable and practical system capable of 
constantly monitoring the ocean, an ocean 

observation system with the following characteristics 

is proposed. 

• Long term, global 

• Short term, local 

• Short term, repetitious 
With the above requirements in mind, the 

observation system of the SEA- a> Program is 

composed of the following two main sub- 

systems. 

1) A Fixed point system such as moored buoys and 

seabed installations for monitoring long term, 

global phenomena such as ocean circulation. 

2) A mobile system for elucidating the mechanisms 

of localized and repeating oceanic phenomena 

occurring over the relatively short term. 

(2) Examples of requiring fixed and mobile 

observation systems for ocean phenomena 

Using the example of the intermediate water 

cycling phenomena, it is necessary to use two types 

of monitoring system. Intermediate water, which is 

considered to have an impact on climatic changes in 

the medium term, sinks rather quickly, that is, over 

several days or a week, before developing into 

medium layer eddies with thicknesses of 

approximately 200 m and diameters of approximately 

100 km. Furthermore, these eddy groups diffuse as 

intermediate water over the medium term that is, 

several tens of years.   (Fig. 2-1) 

Therefore, it is necessary that detailed 

observations first be carried out when the 

intermediate water is forming and second, that the 

ongoing process be monitored by a system covering 

an area of approximately 10 times that of the medium 

layer eddy (around 1,000 km X 1,000 km) using a 

grid with 50 km spacing. The only practical means 

of doing this is thought to be with maritime 

reconnaissance aircraft, as a ship-based system would 

require a veritable fleet of ships with its attendant 

crew and other costs. 

However, an aircraft-based system would need 

a support base from which the aircrafts can take off 

and land. 
Also, in attempting the clarification of the 

mechanism whereby eddy groups diffuse as 

intermediate water, it is necessary to carry out 

monitoring over the medium and long terms using 

moored medium layer buoys, etc.   (Fig.2-2) 

The mobile system would be composed of 

maritime reconnaissance aircraft capable of covering 

large areas of the ocean simultaneously and oceanic 

research vessels for in-situ observation supported by 

a mother ship for their efficient operation. 
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(3)  A support base for ocean observation and research 

A mother ship is proposed as a logistics and 

support base for ocean observation and research . 

operations as it is seen as conferring the following 

important advantages. 

• The use of in-area mother ship based aircraft 

and research vessels to observe oceanic 

phenomena confers a very rapid and 

comprehensive response to short term 

phenomena occuring over a fairly wide 

region,e.g.,the El Nino effect. 

• With its sophisticated and comprehensive 

logistic and support facilities, a mother ship 

acts as a " resource multiplier" to a fleet of 

small and fairly inexpensive observation 

aircrafts and research vessels by keeping them 

in a state of constant readiness close to the area 

of operations, thereby drastically reducing 

transit time to the area to be observed and 
hence, inversly, increasing valuable on-station 

time. 

3.   Global Ocean Observation System 

3-1 Composition of Network 

The SEA- cu Program aims at creating a global 

ocean observation network that integrates both 

mobile and fixed data acquisition, processing and 

transmission capabilities. The core of the network 

would be a mother ship used in conjunction with 

satellites, observation aircraft, research vessels, 

manned and unmanned submersibles, moored and 

drifting buoys and seabed bases etc.   (Fig. 3-1) 

Satellites are very cost effective for wide area 

surveillance of oceanic and atmospheric 

characteristics, and aircrafts are also useful as they 

can deploy AX-CTD and AX-CP. When used in 

conjunction with a mother ship, the aircrafts are 

indispensable for timely wide ocean surveillance. 

The mother ship also acts as a resource multiplier 

for research ships when located in-region as a 

logistics and support base, as it greatly reduces transit 

times to the areas to be studied, resulting in longer 

on-station time. The mother ship would also act as a 

support base and control center for manned and 

unmanned submersibles such as ROVs and AUVs 

which would be used for observing and sampling 

the seabed or under ice shelves in the polar regions. 

These systems would be supplemented by 

moored buoys for long term monitoring and drifting 

buoys for medium term monitoring. Fixed seabed 

installations would be used to gather data and as deep 

sea navigation points. 

3-2 The Mother Ship 

The mother ship, an ocean-going technopolis, 

is the core of the SEA- <D Program and makes 

comprehensive, real time, global ocean surveillance 

possible. It would be equipped with the following 

capabilities to enable it to perform its mission. 

• All weather operation with its own propulsion 
to enable it to move to desired areas of 

operation. 

• Fully capable of deploying, recovering, 

supporting and maintaining manned and 

unmanned underwater and seabed-based 

monitoring systems. 

• Fitted out as a well equipped research and 

support center for research staff working in 

the physical, chemical, biological, geological 

and meteorological sciences including 

comfortable accommodations for them, the 

ships crew and visitors. 

• Equipped as a floating airport for small 

maritime reconnaissance and commercial 

aircrafts. 

• A logistic and supply base for supporting and 

maintaining attached aircrafts and ships with 

food, oil and spares as well as providing rest 

and recreation facilities for their crews. 

• An integrated command and control center for 

all subordinated aircrafts, ships and undersea 

and seabed reconnaissance and data 

acquisition platforms as well as for its own 
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on board research activities that will enable 

it to acquire, process and disseminate all 

relevant data. 

More specifically, the ship's characteristics are' 

as follows. Due to the need for a high level of 

stability and generous deck space, a SWATH 

(Small Water Area Twin Hull) has been chosen as 

the basic hull form. A minimum overall length of 

1,020m is dictated by FARs (US Federal Aviation 

Regulations) for small aircrafts such as the Piper 

Cheyenne III class which is envisaged as the type 

of aircrafts most suitable for the on-board maritime 

reconnaissance and COD (Carrier On-board 

Delivery) missions. A per-FAR runway with a width 

of 35m would be cantilevered from the main hull. 

A cruising speed of 16 knots is envisaged as it 

is similar to other research ships. The ship would 

have accommodation for about 2,000 (Max) to 

accommodate the ships crew, research personnel and 

visitors. Insofar as the ship would be very big, in 

the order of 500,000 gross tons, it would need to be 

built in 3 or 4 sections in docks and assembled afloat. 

Also, because there is no dry dock big enough to 

take it, ship inspections and repairs would need to 

be done underwater. The mother ship has an 

estimated operational life of 50 years. Table 3-1 gives 

the ship's main particulars. Fig. 3-2 shows an 

illustration and Fig. 3-3 its principal dimensions. 

Particulars Spedlications 

• Navigation Areas Un-limitted 
• Hull Form SWATH (Small Water-plane Area Twin Hull) 
• Length 1.020 m(Loa). 900 m(Lpp) 
• Breadm 100 m (Boa). 65 m (BmW) 
- Deplh 40 m 
• Draft 15m 

• Speed 16 Mi 
• Power 80.000 ps x 2 (Main Propulsion) 

14.000 ps x 4 (Side thrusler) 
• Crew and Accommodations 2.000 persons (Max) 

• Gross Tonnage 500,000 Ions 

- Operational Lite 50 years (without dry docking) 

Table 3-1  Principal particulars 
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Fig. 3-2 Illustration of the ocean observation mother 

ship 



4.    International Marine Science and Technology 

Organization 

4-1 Necessity for International Organization 

The pressing nature of the world's environmental 

problems makes it essential that an international 

organization be established to facilitate the 

coordination and integration of international marine 

related research efforts to forestall or ameliorate 

environmental damage and increase our knowledge 

of the ocean, Further, a more specialized organization 

would need to be set under such an organization to 

control, and manage the SEA- OJ Program. 

4-2 Outline of SEA- co Program Organization 

The organization (see Fig. 4-1) would consist 

of a headquarters, research and support divisions and 

the mother ship. The organization would be steered 

by a committee made up of specialist representatives 

from interested nations, institutes, industries and 

governmental agencies. 

Imemalional Murine 
Science and Technology 

Organization 

Reseurch 
Division 

• Research Depi. 
• Observation Depi. 
' Development Dept. 

etc. 

I Steering committee I 

Ocean Observation 
Mother Ship 

* Operation of network 
' Research activities 

etc. 

Support 

Division 

• Engineers 
• Operators 
- Manufacturing Shop 
• Maintenance Shop 

Fig. 4-1   The proposed organization 

5.   Conclusion 

The SEA- OJ Program proposed herein aims 

at creating a global ocean observation system 

equipped with the most advanced data acquisition, 

processing and disseminating and research and 

communication facilities and equipment with the 

objective of greatly furthering man's knowledge of 

the ocean and its influence on climate and the global 

environment. 

If necessary in future, the number of mother ship 

shall be increased to cover various oceans, for| 

example, by U.S.A, Japan, etc. 

Nikkei RIM and the research committee have 

proposed the program to Japan's government and 

political parties as a means by which Japan could 

contribute to solving the critical environmental issues 

which the world is facing now, especially those of 

resource limitations and environmental degredation, 

all of which are in some way strongly influenced by 

the ocean. 

However, because of its huge size, this program 

would require close international cooperation 

between researchers and governments as well as 

cooperation in funding. 

This paper is presented at this panel in an effort 

to develop an international consensus on the adoption 

of such a program. 

Finally, we hope this proposal will stimulate 

discussion on the ocean observation system from the^B 

viewpoint of the future of mankind. 

As an additional idea, in case of disasters such 

as earthquakes, floodings and Tsunamis, this huge 

mother ship may be sent immediately to the regions 

concerned and utilized effectively for rescue. 

We express our gratitude to Toshihiko Teramoto 

(Professor, Kanagawa University) , Kazuo 

Kobayashi (Advisory Researcher, Japan Marine 

Science and Technology Center, JAMSTEC) and 

Koichiro Yoshida (Professor, Tokyo University) as 

chairman of each research committee of Nikkei RIM, 

and also to members from industries. 
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Global Ocean Observing System: Status, Plans, and Future Needs 
(The U.S. Perspective) 

M.G. Briscoe and Muriel Cole, National Ocean Service 
National Oceanic & Atmospheric Administration. Silver Spring, Maryland 

ABSTRACT 

The concept of a Global Ocean Observing 
System (GOOS) has gained momentum over the 
past several years and is gradually taking shape.  It 
is a broad set of satellite and surface-based 
measurement activities that constitute "operational" 
oceanography, i.e., for societal benefits.  It is an 
initiative to coordinate and foster long-term, 
routine, globally-relevant, scientifically-based and 
systematic ocean observations and applications. 
The U.S. has been very actively involved in 
refining and promoting the concept, and its 
numerous marine-related agencies are organizing a 
U.S. contribution to GOOS. 

INTRODUCTION 

The Global Ocean Observing System 
(GOOS) is a scientifically-based, comprehensive 
international program to routinely collect and 
disseminate ocean data and products, for economic 
and practical benefits to society.  Measurements are 
both satellite-based and ocean-based. 

GOOS is an initiative of the 
Intergovernmental Oceanographic Commission 
(IOC) of UNESCO, in cooperation with the World 
Meteorological Organization, the United Nations 
Environment Program, and the International 
Council of Scientific Unions. Agenda 21, the 
framework for actions agreed to at UNCED, calls 
explicitly for GOOS and for developed countries to 
pay for GOOS in order to address critical 
environmental uncertainties. 

IOC member countries have agreed to the 
following five application "modules".  Data from 
one module can be used for others in order to meet 
the needs of a variety of users. The modules are 
intended to cluster the kinds of data and data 
collection methods needed and to clarify the user 
and constituency groups that require the data. 

•Climate Monitoring, Assessment, and Prediction 
•Monitoring and Assessment of Living Marine 
Resources 
•Monitoring of the Coastal Zone Environment and 
its Changes (Information for Coastal Zone 
Management) 
•Assessment and Prediction of the Health of the 
Ocean 
•Marine Meteorological and Operational Ocean 
Services 

GOOS is not the only global observing 
program that is in development.  The Global 
Climate Observing System (GCOS) is another 
major effort.  GCOS is composed of a land 
component, an ocean component, and an 
atmospheric component. The climate module of 
GOOS is the ocean component of GCOS; the 
planning is both coordinated and integrated. 

GOOS is not a research program, although 
the data it provides will be invaluable to research 
programs by providing a base of observation within 
which a research program can be embedded.  Its 
closest analogy is the World Weather Watch of the 
WMO, which i& an international effon to collect 
and disseminate the data required for operational 
weather forecasting.  GOOS builds upon research 
programs, such as the Tropical Ocean-Global 
Atmosphere (TOGA) program, by institutionalizing 
the research efforts into operational efforts. 

U.S. GOOS 

U.S. GOOS is the contribution of the 
United States to the GOOS program.  Since GOOS 
is, by definition, global, it is multi-national and 
requires international planning, promotion, and 
coordination.  However, the implementation is 
accomplished solely by individual countries, or by 
groups of countries working together.  U.S. GOOS 
provides a focal point for implementation of the 
national contribution as well as for interaction with 
the international community, especially on an 
intergovernmental basis. 



Within the U.S. federal agencies are 
conducting some activities which are pan of a 
GOOS, but most are of a limited duration. Federal 
agencies working together to set priorities and 
make program plans for the U.S. contribution 
include: 

National Oceanic & Atmospheric Administration 
(NOAA) 
National Science Foundation (NSF) 
NASA 
Environmental Protection Agency (EPA) 
Oceanographer of the Navy and Office of Naval 
Research 
Advanced Research Projects Agency (ARPA) 
Department of Energy 
Department of Transportation (U.S. Coast Guard) 
Department of the Interior (U.S. Geological Survey 
and Minerals Management Service) 
Department of State 

A strong partnership between the Federal 
government and universities is essential.  It is 
therefore appropriate for NOAA and NSF to 
provide joint leadership overall. 

U.S. PRIORITIES 

Climate: 

•Research-to-operations implementation of 
a Pacific Ocean Observing System for 
prediction of El Nino-Southern Oscillation 
(ENSO) events 
•Research-to-operations implementation of 
absolute global sea level measurements for 
climate change detection and sea level 
prediction 

Coastal: 

•Ocean color and Mussel Watch (a bi- 
valve sampling program) for augmentation 
of coastal environmental and toxic 
monitoring, including development of 
monitoring technologies 
•Marine buoys, prediction systems, and 
ice observations to improve coastal marine 
weather and hazards forecasts and 
warnings for events such a algal blooms, 
tsunamis, and storm surges 

In addition, three underpinning topics are 
of high priority: 

•Directed research in oceanography and 
meteorology 
• Focused technology development 
•Data management and dissemination 

FREQUENTLY ASKED QUESTIONS 
(AND ANSWERS) 

1. What is not GOOS? 

GOOS is not research, it is not a short-term 
project, and it is not an activity of a few scientists 
or a particular agency.  It is the collection of many 
activities. 

2. What is the objective of GOOS? 

The objective of GOOS is to ensure permanent, 
systematic observations adequate for forecasting 
climate variability and change; for assessing the 
health or state of the marine environment and its 
resources, including the coastal zone: and for 
supporting an improved decision-making and 
management process, one which takes into account 
potential natural and human-induced changes in the 
environment and their effects on human health and 
resources. 

3. Why are existing systems not sufficient? 

Many regular observations of the ocean are done by 
research programs with limited funding, finite 
duration, and single objectives.  Other regular 
observations are made by operational agencies for 
specific, long-term purposes but are in limited parts 
of the world ocean, typically have only sparse 
coverage, and usually concentrate only on the upper 
ocean and sense a limited number of variables. 
The requirements of the customers of GOOS 
demand global coverage, including the polar 
regions, and scientifically designed, robust, cost- 
affordable, long-term, routine, and systematic 
observations.  The existing programs are an 
excellent start, but cannot do the job being 
demanded of them. 



4. Is GOOS divided into different application 
areas? 

Yes, GOOS is divided into five modules: 

•Climate Monitoring, Assessment, and Prediction 
•Monitoring and Assessment of Living Marine 
Resources 
•Monitoring of the Coastal Zone Environment and 
its Changes (Information for Coastal Zone 
Management) 
•Assessment and Prediction of the Health of the 
Ocean 
•Marine Meteorological and Operational Ocean 
Services 

Each module has its own planning group(s), and its 
own constituency, but since there is only one 
GOOS (for efficiency and synergism), this demands 
considerable coordination and some compromise. 

5. How can a Coastal Module be "global"? 

Many of the societal concerns in the coastal regions 
are common to many sites and countries.  For 
example, non-point source pollution from 
agricultural runoff has local impacts but is a global 
problem; assessing its global magnitude and rate of 
change, and finding and sharing common concerns 
and solutions, is a potential major program within 
the Coastal Module.  Global aspects on which to 
concentrate include: (1) common concerns, 
problems, and solutions (e.g. standards and 
methodologies); (2) regional concerns that need 
international attention and help; and (3) the effects 
of global phenomena on coastal areas, e.g., the 
coastal response to ENSO events. 

6. Who is planning GOOS? 

GOOS is being planned by international scientific 
panels, one for each of the five application 
modules.  The Joint Scientific and Technical 
Committee for GOOS (J-GOOS), and international 
group of experts in different disciplines, 
coordinates and assesses the scientific designs. 
Implementation is coordinated by an 
intergovernmental committee, I-GOOS, of 
participating nations.  At the national level, 
planning for specific activities is a national 
responsibility, within the international guidelines. 
In the U.S. the National Academy of Sciences, 
National Research Council, is reviewing U.S. 
plans. 

The development of GOOS will require a top- 
down element of planning and logistics to 
ensure optimum design, organisation, 
configuration of the planetary marine observing 
system, and data management, as well as the 
ability to meet specific objectives.   It will 
require a strong bottom-up input from the 
scientific community to ensure that the design 
is scientifically sound, that the best available 
and practical scientific methods, technology, 
and computer models are applied, and that the 
best institutes and personnel are involved at the 
national and regional levels. 

Oceanography. OECD, 1994, p.72 

7. What is the status of the planning? 

Following five years of work, the Ocean Observing 
System Development Panel finished its report in 
1994 containing scientific plans for the Climate 
Module of GOOS.  A draft strategic plan for the 
Health of the Ocean Module was also completed in 
1994.   Planning for the Living Marine Resources 
Module has begun, but is several years behind the 
former two.  In the U.S. plans for the Coastal 
Module are well underway and are ahead of the 
international planning.  The Marine Services 
Module may not need scientific planning, but rather 
a stronger national and international implementation 
effon. 

8. When does it start? 

GOOS lias already started.   Global observations are 
being taken.  But there needs to be substantial 
expansion and a conversion of limited-term 
research activities to long-term, operational status. 

9. Is this "operational oceanography?" 

The end state of GOOS is operational 
oceanography, but GOOS will continually evolve 
toward that end state.  Because new needs and 
better methods will continue to arise, close 
connections with the research community are 
essential. 

10. What is the relationship between GOOS and 
research? 

GOOS is not a research program but it builds on 



research, it provides data for research, and directed 
and applied research is a significant contribution to 
GOOS.   U.S. academic institutions have provided 
the foundation upon which U.S. GOOS is built, 
through research programs, technology 
development, and training of human resources.  A 
strong continued pannership between the Federal 
government and universities is essential, both for 
the design and implementation of current and near- 
term GOOS efforts, and for the future needs. 
Applications suggest new research areas, and new 
research results suggest new applications. 

The fitture never just happened. It 
was created. 

Will and Ariel Durant 

11. Who will operate GOOS? 

GOOS requires a pannership of government labs 
and agencies, universities, and industry.  The key 
to participation is a strong commitment to long- 
term, routine, practical, cost-efficient observing 
systems. 

12. What is the U.S. management structure? 

A U.S. Interagency Working Group for GOOS 
coordinates the U.S. contribution to GOOS.  This 
group is affiliated with the President's National 
Science and Technology Council through its 
Committee on Environment and Natural Resources, 
Task Force on Observations and Data Management. 
A U.S. GOOS Project Office has been established 
to handle day-to-day coordination.  Scientific and 
private industry review and advice is obtained from 
a Panel organized by the National Academy of 
Sciences, National Research Council. 

13. Who are the customers for GOOS? 

The five application modules of GOOS partition the 
applications into sets of customers or 
constituencies.   For example, the primary customer 
for the Coastal module may be state and local 
planners and managers that need to know current 
and fiiture conditions in the coastal zone.   Major 
customers for climate observations are national 
meteorological services.  The scientific community 
is a customer for all parts of GOOS. 

14. What will GOOS cost? 

Current U.S. GOOS activities, excluding satellite 
costs, total about $300M per year.   Estimates of 
the cost of the U.S. contribution to GOOS, when 
fully implemented,  range from $500M to $2000M 
per year, not including satellites.  GOOS will not 
be completed for at least 20 years.   Rather than a 
beginning and an end point of implementation, 
GOOS is envisioned as continuously evolving. 

15. Can GOOS funding be justified? 

GOOS is the mechanism to obtain social and 
economic benefits from oceanography, similar to 
the application of meteorology by national weather 
services.    It is the return on the substantial 
investment made to date in ocean research.    We 
have never exploited what we know for the benefit 
of society.  The implementation of GOOS is the 
means to achieve benefits in three categories: 

•Direct economic benefits- quantitative savings 
resulting from better seasonal climate predictions 
(e.g., for agricultural crop decisions) and better 
predictions of ocean conditions (e.g., for ship 
routing and oil spill clean-up) 
•Reduced uncertainty in decision-making- for 
example, more accurate knowledge of the rate of 
sea level rise, the status of fisheries stocks, changes 
in the extent of coral reefs 
•Improved quality of life- for example, healthier 
coastal environments, preservation of biological 
diversity, and better knowledge of the rate of 
change in the environment in order to prevent what 
Secretary of the Interior Bruce Babbitt calls 
"environmental train wrecks". 

The value of the Climate module of GOOS can be 
derived based on savings resulting from improved 
climate predictions.   It is now estimated, for 
example, that several hundred million dollars per 
year can be saved by the agricultural sector for 
improved ENSO predictions in the Southeast U.S. 
Initial estimates of the total value of reliable ENSO 
forecasts are several billion dollars in the U.S. 
alone, and up to $20B per year globally.  The costs 
of making such forecasts, including observations, 
data and prediction systems, is on the order of 
$100M per year, excluding satellites. All of these 
estimates are presently being refined by 
interdisciplinary groups of experts. 



16. Will GOOS help protect the ocean? 

GOOS will provide the data to prepare early 
warnings of impending problems.   It is the means 
to provide the information required for sustainable 
coastal development.  Without GOOS 
environmental descriptions cannot be made, and 
more importantly, environmental interactions 
cannot be defined, and future events cannot be 
predicted. 

17. Will ocean industries benefit from GOOS? 

Industry needs to provide reliable permanent and 
expendable instrumentation and to provide a variety 
of services.  Industry can and will add to the value 
of basic products and distribute them to customers. 
Ocean industries need to be involved in GOOS 
planning, and their capabilities and interests need to 
be promoted. 

18. What land of data does GOOS include? 

Data will emphasize physical, chemical, and 
biological properties.  Some geological data are 
needed, for applications in the coastal zone. 
Specific variables, and their spatial and temporal 
scales, are being determined by international and 
national scientific planning groups, in cooperation 
with various implementation groups and funding 
organizations.  GOOS measurements are intended 
to be scientifically valid and useful.   Built on 
science. GOOS will give data back to the science 
community. 

For further information, contact: 

U.S. GOOS Project Office 
c/o NOAA, N/OES, Sta. 6611 
1305 East-West Highway, SSMC4 
Silver Spring, MD 20910 U.S.A. 
Facsimile: 301-713-4392 
E-Mail: usgoos@nos.noaa.gov 
Telephone: 301-713-2981 
Home Page: 
http: //www. usgoos. noaa.gov/goos.html 

19. What is the data policy for GOOS? 

GOOS is based on the principle of timely, full, and 
open access to ocean data. 



GLOBAL OCEAN OBSERVATIONS 
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ABSTRACT 

Operational oceanography is now being as- 
signed priority in the study of climate change, 
and is becoming a reality, with the advent of 
ocean observation networks similar to those 
operated by meteorologists for the atmo- 
sphere. Due to advances in space technol- 
ogy, new observational strategies are pos- 
sible, with satellites providing unrivalled ad- 
vantages for observing the Earth. 

Tracking remote mobile platforms and 
collecting sensor data is a challenge which 
was first met by the Argos Data Collection 
and Location System, a satellite-based 
system that evolved in the late 1970's. Since 
then, about 20,000 transmitters have been 
deployed, and over 4,000 are operational. 

Much of the data collection and many of the 
services using the Argos system today, would 
not be possible to do any other way. For 
example, the global drifting buoy program, 
vital to understanding ocean circulation, relies 
on Argos for geographic positioning, ocean 
temperature, and other in-situ data. 

ARGOS SYSTEM OVERVIEW 

Argos is the only fully integrated global sys- 
tem that can locate a transmitter and relay 
sensor data, from anywhere in the world to 
the User's desktop anywhere else in the 
world. It should be noted that the Argos 
system is dedicated to environmental obser- 
vation and protection (Figure 1). 

Argos-generated positioning information and 
sensor data are updated after every pass of 
the satellites for users to access or receive 
automatically via telecommunication net- 
works. These data are also archived at the 
Argos processing centers and made avail- 
able on floppy disk, tape or paper. 

Argos instrument packages are flown on 
National Oceanic and Atmospheric Admin- 
istration (NOAA) polar-orbiting environmen- 
tal satellites (ROES). The orbits are circular 
and sun-synchronous, and thus each pro- 
vides daily worldwide coverage. NOAA 
maintains two satellites in operation, plus 
one or more in standby, resulting in at least 
=10 passes per day at mid-latitudes and 
over 20 in the polar regions. 

Two identical global processing centers 
(GPCs),inToulouse, France, and Landover, 
Maryland, USA, are redundant internally and 
externally to maximize reliability. NOAA 
also operates the older satellites in a standby 
mode and data from at least one standby 
satellite are available for processing by the 
Argos system. As of December 1994, 45 
countries used Argos for a wide variety of 
applications. (See Figure 2) 

NOAA Satellite 
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Figure 1. The Argos System 
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GLOBAL APPLICATIONS WITH ARGOS 

The Global Ocean Observing System 
(GOOS) and the Global Climate Observing 
System (GCOS) are being developed to 
provide information for oceanic and atmo- 
spheric forecasting, ocean resource man- 
agement, and global environmental change 
research. Many of the operational require- 
ments can only be met by satellite-based 
systems. They include: 

- near real-time access to data for forecast- 
ing from weather and climate centers, 

- the ability to handle large volumes of data 
automatically, accurately and reliably, 

- cost-effective gathering and sharing of the 
data, 

- global coverage. 

The requirements for GOOS and GCOS will 
require satellite-based technologies, such 
as those available from ERS-1, Topex/ 
Poseidon, GOES, Meteosat, GMS, and 
NOAA'sPOES. Some of the data to be used 
by GOOS and GCOS is currently gathered 
by Argos instruments on the POES satel- 
lites, from the following sources: 

- more than a thousand drifting and moored 
buoys deployed in the world's oceans, 

- subsurface floats and moorings collecting 
data and measuring current speeds and 
directions. 

Drifting Buoys 
Drifting buoys have been used for several 
decades for scientific and operational appli- 
cations. The Argos system is used to locate 
the buoys and to collect the data measured 
by the sensors fitted to them. Location 
information serves two purposes: 

- For meteorological buoys, they are geo- 
graphical references for the measurements 
collected. 

- For many oceanographic buoys, known as 
Lagrangian or current-following drifters, 
the locations are used to deduce the buoy 
tracks and assess speed and direction of 
the current. 

The number of drifters transmitting through 
the Argos system has steadily increased, 
particularly with the advent of low-cost, ex- 
pendable buoys. Today about 1500 buoys 
are routinely processed, with data from 600 
of them placed onto the Global Telecommu- 
nication System (GTS). Lagrangian drifters 
are the dominant category of platforms 
through the Argos system. 

Meteorological Buoys 
There are two general families of meteoro- 
logical buoys; these are: 
- FGGE-type, for long-term climate observa- 

tion programs and operational meteorol- 
ogy, 

- CMOD-type (Compact Meteorological and 
Oceanographic Buoys), mainly for opera- 
tional programs. See Figure 3. 
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Figure 3. Typical Meteorological Drifters 



FGGE-type buoys 
Meteorologists and climatologists use these 
robust drifting buoys to measure air pressure, 
air temperature and sea-surface tempera- 
ture, either forweatherforecastingorfor such 
long-term programs as the Tropical Ocean/ 
Global Atmosphere (TOGA) program. TOGA 
is an international effort to explore ocean- 
atmosphere interaction on time scales of 
months to years. 

The NOAA Southern Hemisphere Drifting 
Buoy (SHDB) program provides an example 
of in-situ measurements (sea surface tem- 
perature, air temperature, and air pressure) 
in a relatively data-sparse ocean region. 

TOGA drifters are designed for 24 months of 
continuous operation. Many are fitted with 
thermistor chains to collect sea temperature 
in the upper ocean layer and some have 
anemometers. Future buoys will have a 
combined meteorological/oceanographic de- 
sign, i.e. Lagrangian drifters with barometer 
ports. As part of an operational meteorologi- 
cal network, a hundred FGGE-type buoys are 
maintained for operation by organizations in 
such countries as Australia, France, New 
Zealand, South Africa and the United King- 
dom. 

CMOD buoys are a streamlined, lower-cost 
buoy of a lighter construction. They measure 
air pressure, air temperature and sea-surface 
temperature. Lifetime is typically four to six 
months. CMOD buoys have been engineered 
for low-cost deployment from airplanes. 

Since 1987, the US Navy has deployed drift- 
ers (mainly CMOD-type) to report air pres- 
sure, air temperature, sea surface tempera- 
ture and wind speed and direction. Applica- 
tions include: 

-to initialize and maintain meteorological and 
oceanographic numerical prediction mod- 
els, 

- ground truth Multi-channel Sea Surface 
Temperature (MCSST) retrievals from the 
POES satellites, 

- locating the boundaries of ocean features 
such as fronts and eddies using drift trajec- 
tories. 

- high-resolution predictions and hindcasts of 
the drift by objects at sea, such as pollut- 
ants. 

Surface Velocity Buoys 
The main type of oceanographic buoy is the 
Surface Velocity Program (SVP) type (See 
Figure 4). 
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Figure 4. Typical Oceanographic (SVP) Drifters 



SVP drifters are used to derive surface cur- 
rent and collect data from sensors. They are 
fitted with subsurface floats and holey-sock 
drogues to track currents with an accuracy of 
better than 2 cm/s, and are also fitted with 
accurate, stable barometers to better deduce 
wind fields and thus obtain better accuracies 
for surface velocities. Electronics include 
Sea Surface Temperature (SST) sensors and 
a drogue presence detector. 

surface properties, and relate satellite mea- 
surements of wind stress and sea surface 
elevation to ocean dynamics. 

More than a thousand SVP drifters have been 
deployed, mainly in the Pacific Ocean. De- 
ployments are made from voluntary observ- 
ing ships and research vessels of opportu- 
nity, and managed by scientists at organiza- 
tions such as the Global Drifter Center (GDC) 
at Scripps Institution of Oceanography. 
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Figure 5. Cumulative WOCE Drifter Trajectories -1988-1992 
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The new buoys also serve meteorologists. 
The French organization IFREMER has 
adapted the SVP buoy to produce the Bodega 
design, incorporating a thermistor string. The 
TOGA/WOCE (World Ocean Circulation Ex- 
periment) Surface Velocity Program (SVP), 
scientific community has plans to maintain 
arrays of Lagrangian drifters within the main 
ocean basins for four to five years. Spatial 
resolution is approximately 600 x 600 km. 

The objective of the SVP is to provide mixed 
layer velocity and temperature observations 
on basin-wide scales, from which maps of 
surface currents and their variances can be 
constructed on a global basis. SVP observa- 
tions will be used to test global models of 
surface currents, study advection of ocean 

Figure 5 shows the cumulative drifter tracks 
for buoys operating between 1988 and 1992. 
NCAA's Atlantic Oceanographic and Meteo- 
rological Laboratory (AOML) Drifter Data 
Center (DDC) acquires the data through 
Argos, quality controls them, makes diagnos- 
tic products for the SVP participants and 
sends them to the Marine Environmental Data 
Service (MEDS) in Canada for distribution. 

Arctic Ice Buoys 
In 1979-1993, the Polar Science Center in 
collaboration with NCAA, the Atmospheric 
Environment Service of Canada, the Norwe- 
gian Polar Research Institute, and a host of 
other colleagues, collected more than 100,000 
buoy-days of data from over 450 ice-buoys. 
Argos locations are used both to locate mea- 
surements and to assess ice drift. 
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Pollution Monitoring 

Buoys are deployed in the central Arctic Ba- 
sin and its marginal seas, excluding the eco- 
nomic zones, with grid spacing of 500 km. 
The work is being done under the Interna- 
tional Arctic Buoy Program (IABP), which 
maintains a network of drifting buoys in the 
Arctic Ocean. These buoys provide data for 
real-time operations and meteorological and 
oceanographic research. 

Atmospheric pressure and temperature are 
measured by ice buoys. Some buoys collect 
data on atmospheric pressure tendency, wind 
speed and direction, snow accumulation, sea 
ice properties, and subsurface oceanographic 
variables. Once processed through Argos, 
data are transmitted onto the GTS, then 
archived by the Marine Environmental Data 
Service in Ottawa, Canada. A quality con- 
trolled data set is maintained at the World 
Glaciology Archive in Boulder, Colorado. 

Pollution Monitoring Buoys 
When pollutants accidentally spill into the sea 
or are deliberately dumped, the agencies 
which assess environmental impact need a 
monitoring capability. Models of surface cur- 
rents can now be combined with trajectory 
data from drifting buoys to study such ques- 
tions as dispersal rates and areas of accumu- 
lation. See Figure 6. 

Pollution Applications 
-Pollution Monitoring by Satellite-tracked Drift- 
ing Buoys (Battelle Ocean Sciences,USA). 
Buoys provided an indication of the water- 
mass transport and farfield fate of fine sew- 
age sludge particles released off the US east 
coast. Sixty-six buoys with drogues centered 
at 10m depth followed water movements 
within the surface mixed layer. 

- Oil-following Drifting Buoys (Minerals Man- 
agement Service, USA). Drifting buoys 
complemented computer modeling in efforts 
to understand the environmental impact of 
offshore activities. Experiments to determine 
whether drifting buoys move like crude oil 
concluded that the movement is similar in 
winds up to 12 m/s. 

- Drifter Study in the Persian Gulf area. Thirty- 
two drifting buoys were deployed to study 
water circulation as part of an international 
examination of the effects of oil spills on the 
environment. 

Sub-Surface Floats 
Floats are autonomous free-drifting platforms 
gathering data at mid-depth and surfacing to 
transmit via Argos. Floats provide an excel- 
lent example of how large amounts of data in 
256-bit messages can be transmitted using 
Argos. Some floats relay up to 4000 mea- 
surements (a year of data) over four days. 
Today, about 900 floats are registered with 
Argos, and about 500 are currently opera- 
tional, mostly in the Tropical and South Pa- 
cific. There are two main types of floats: 

- ALACE floats are autonomous and located 
by the Argos system when they rise to the 
surface. While at the surface their drift gives 
a measurement of the surface current. The 
basic instrument is designed for 50 cycles 
every 36 days, providing a five-year lifetime. 

- RAFOS floats are drifting "listening" stations 
that record the time of arrival of acoustic 
signals from moored sound sources and, at 
the end of their life cycle, rise up to report the 
recorded data through Argos. Present re- 
cording life times are roughly 2.5 years. The 
recently developed MARVOR floats work on 
the same principle as RAFOS. In addition, 
they can move up and down several times 
during their lifetime, and transmit data col- 
lected each time they surface. 



Floats used in WOCE measure the global 
distribution of current velocity, below the high 
eddy noise region nearthe surface, to provide 
an accurate mean velocity. The mean veloc- 
ity is combined with hydrographic data to 
compute transport of the water masses in the 
major ocean basins. 

Moored Buoys 
TOGA-TAO Moorings 
The Tropical Atmosphere Ocean (TAO) array 
comprises 70 deep sea Atlas moorings ("deep 
sea" means moored down to 4.5 km; see 
Figure 7). The buoys are spaced =15° of 
longitude apart, from 950W to 1330E. Most 
are within 8° of the Equator (Figure 8). 

Atlas buoys are fitted with a string of water 
temperature and pressure sensors down to 
500 m, wind speed and direction devices and 
air temperature sensors. The array is comple- 
mented by 6 Proteus current meter moorings 
located at selected sites along the Equator to 
measure water velocity in addition to the 
other parameters. Critical information used 
to monitor large-scale interannual climate 
variations is obtained through TOGA-TAO. 
Ai yos processes the data and places it on the 
GTS for distribution to oceanic/atmospheric 
analysis and forecast centers. 

The TAO array is built on successful interna- 
tional cooperation between the US, France, 
and Japan. More recent additions to this 
cooperation are Korea and Taiwan. The TAO 
array is managed by the TOGA-TAO Project 
Office at the Pacific Marine Environmental 
Laboratory, Seattle, Washington. 
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Figure 7. Atlas Moored Buoy 

Seawatch Environmental Monitoring 
The Oceanographic Company of Norway A/S 
(Oceanor) operates a marine environmental 
monitoring and forecasting system, named 
Seawatch, in the North Sea and Thailand. 
Seawatch provides information on the status 
and changes in marine resources and pollu- 
tion, for example toxic algae blooms or major 
oil spills. 

Ivli Equatorial waveguide 
Total moorings planned: 70 

Proteus current meter mooring site M 
Atlas mooring site: O Planned site    • Occupied site 

Figure 8. The TOGA-TAO Array - Pacific Ocean 



Today Oceanor operates some 30 Argos- 
equipped moored buoys to collect the data. 
These buoys provide near real-time meteoro- 
logical parameters, currents, waves, sea tem- 
peratures, salinity, oxygen, algae, biomass, 
nutrient contents, radioactivity, etc. The buoys 
also have data loggers, data analysis and 
quality control systems, and a data transmis- 
sion system. They transmit the data via 
Argos to a shore station for further analysis 
and storage (See Figure 9). 

Meteorological Moored Buoys 
Approximately 80 meteorological buoys are 
deployed around the coastline of North 
America. Approximately sixty (60) of these 
are maintained by the US National Data Buoy 
Center (NDBC) and twenty (20) by the Cana- 
dian Atmospheric Environment Service (AES). 
A number of the buoys are fitted with both 
GOES and Argos transmitters to provide re- 
dundant capability. Many of these buoys use 
the Argos Moored Buoy Monitoring service to 
automatically monitor the mooring status; 
some of the buoys weigh up to 20 tons and 
can be a serious threat to navigation should 
they go adrift. This operational network is 
principally used for weather forecasting. 

Wave Riders 
Argos also helps to collect wave height and 
direction from motion- sensing moored buoys. 
Argos locations are used to monitor the buoys 
via the Moored Buoy Monitoring service for 
24 Waveriders around Spain and 10 Wavec 
buoys around Italy. 

Expendable Bathy Thermographs (XBT's) 
Twenty years ago who would have imagined 
that sea temperature down to 2000 meters 
could be measured from vessels cruising at 
15 knots? Today it is, with XBTs using probes 
launched from vessels under way. Two thin 
copper wires relay the data to the vessel as 
the probe descends. 

Ocean temperature-depth data generated by 
XBTs, and collected by Ships Of Opportunity, 
is one of the major inputs to models in pro- 
grams like TOGA. Since 1988, scientists 
have had the benefit of a full, operational, 
turnkey XBT system, operated through Argos. 
The system acquires, processes and trans- 
mits XBT data from Ships of Opportunity in 
near-real time. Today 40 vessels are equipped 
with Argos transmitters, and an average of 25 
vessels transmit every month (Figure 10). 
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Marine Environmental Buoy 

They are operated by the French organiza- 
tion ORSTOM and the Australian Common- 
wealth Scientific and Industrial Research Or- 
ganization, CSIRO. Since 1988, some20,000 
temperature profiles have been sent. Over 
95% of the messages are collected by the 
Argos system, placed onto the GTS, and 
input to the TOGA database in Brest (France). 

Sea Level Stations 
Most of the sites currently using Argos Sea 
Level Stations are part of the IOC's Global 
Sea Level Observing System (GLOSS) net- 
work, which will eventually consist of 300 
permanent stations. Some 230 are already 
operational. Monthly mean sea level values 
are being collected and distributed with the 
participation of 32 countries. So far, stations 
with Argos or other satellite transmission ca- 
pabilities have been provided at 34 of the 
sites. There are currently nine Argos sites in 
the South Atlantic, two in the Indian Ocean, 
and one in Antarctica. Four more are soon to 
be equipped with Argos stations in Brazil. 
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Several international centers Including the 
Permanent Service for Mean Sea Level, 
WOCE and TOGA Sea Level Centers, and 
IGOSS dedicated centers collect, process, 
and analyze sea level data and prepare sea 
level products. 

ARGOS SYSTEM ENHANCEMENTS 

Transmitters 
Intelligent - transmitters are equipped with 
microcomputers which have sophisticated 
duty cycles so that data can be collected at 
preselected times. Intelligent also means 
transmitting only when a satellite is overhead. 
To achieve this the Argos transmitter is linked 
to a receiver tuned to the satellite VHP down- 
link frequency. The transmitter comes on 
only when it detects that signal, resulting in a 
net benefit to the power budget. 

Miniaturized - small low-power Argos trans- 
mitters have opened up a range of new appli- 
cations, especially in animal tracking. Some 
transmitters now weigh as little as 25g> in- 
cluding the electronics, batteries and antenna, 
and consume as little as 20 to 40 mW. This 
means even birds can be tracked for months 
over thousands of kilometers. 

Argos plus GPS 
Global Positioning System (GPS) positions 
can be transmitted through the Argos sys- 
tem. As GPS receivers continuously recalcu- 
late position fixes, higher temporal resolution 
is possible. For example, samples taken ev- 
ery 15 minutes can now be associated with a 
location. The results are integrated with your 
other Argos data; GPS and Argos locations 
are presented in the same format (a flag 
indicates whether the location is Argos or 
GPS based). Transmitters with built-in GPS 
receiver electronics are available from a num- 
ber of manufacturers worldwide. 

System Capacity 
Continuity is especially critical in long-term 
programs as TOGA and WOCE. The great 
dependability of the Argos space segment is 
due essentially to: 

- the reliability of the onboard instruments: no 
Argos data record unit has ever failed be- 
fore a satellite was shut down, 

- the reliability of the satellites themselves: all 
POES   have exceeded their design life- 
times by at least 50%, 

- system redundancy, with spare satellites on^ 
standby. 



Worldwide Data Distribution 
- Global Telecommunication System (GTS) 
One of the fundamental reasons for develop- 
ing the Argos system was to provide drifter 
data—buoy tracks and sensor data such as 
atmospheric pressure and temperature—for 
meteorologists and oceanographers. To 
make it easy for scientists to transmit their 
data directly onto the GTS, Argos established 
a powerful GTS processing subsystem. The 
system provides maximum flexibility in pro- 
cessing all types of sensor data. This has 
resulted in a significant increase in the quan- 
tity and quality of data on the GTS. 

- Automatic Distribution Service (ADS) 
ADS is another specially developed data dis- 
tribution subsystem that supplies results au- 
tomatically, either at fixed times, or whenever 
new data become available. The User speci- 
fies the most appropriate distribution chan- 
nel. For example, in the US, many users are 
taking advantage of the Internet to receive 
their data. There is no need to interrogate 
Argos on-line, as data is delivered automati- 
cally to the User's system. 

Global and Regional Processing Centers 
The Argos Global Processing Centers in 
Landover, Maryland, USA, and Toulouse, 

France, are operated around-the-clock, 7 
days a week. Operators and engineers are 
available to solve problems and to alert us- 
ers immediately of transmitter alarms, and 
other anomalous situations. There are also 
five Argos User Offices around the world to 
help users with routine matters such as data 
processing needs and modifications, and 
sharing results with colleagues. 

Timeliness is often critical in environmental 
studies. Today, over 60% of data processed 
at the Argos centers is done in near real-time 
through the acquisition of the satellite's field- 
of-view data from the major readout stations 
or stations associated with one of the Re- 
gional Centers. This means that when the 
satellite is in view of a ground receiving 
station when it receives a transmitter's mes- 
sage it will instantly relay the message for 
transfer to processing at one off the Argos 
centers. In areas served by near real-time 
coverage, 30% of results are available in less 
than 15 minutes, and 90% within an hour. 
Service Argos continues to extend near real- 
time coverage by adding receiving stations. 
See Figure 11. 
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THE CHALLENGE FOR ARGOS 

The following excerpts from the Final Report 
of The Ocean Obsen/ing System Develop- 
ment Panel define the challenge for Argos: 
- "At present, the ocean climate community 
relies heavily on Service Argos for real-time 
positioning and transmission of data from 
platforms deployed in the ocean." 
- "System Argos uses NOAA's polar orbiting 
weather satellites and is based on concepts 
that are 20 years old." 
- "While adequate for many needs now and 
some needs in the future, it Is clear that this 
system will not meet the more demanding 
requirements for future oceanographic data 
telemetry." 
- "Alternatives based on adaptation of exist- 
ing technologies or development of new tech- 
nologies (e.g., low cost, low power GPS re- 
ceivers for positioning and two-way, broad 
bandwidth communication via cellular phone) 
should significantly enhance present capa- 
bilities". 

THE FUTURE 

Together with NOAA, Argos has been mak- 
ing plans for future oceanographic programs, 
and is taking its system users comments into 
account . For example, beginning with the 
1996 launch of NOAA - K, the Argos 

onboard processing unit complement will be 
doubled. This has the effect of nearly quadru- 
pling the number of platforms able to be 
received from the instantaneous field of view. 

Other significant changes to the instrument 
on this spacecraft include: 
- increasing the bandwidth from 24KHz to 80 
KHz, to increase data volume and also to 
allow the frequency band to be apportioned 
among platforms having different character- 
istics, e.g., low power, normal, and short 
period. 
- increasing the signal reception sensitivity 
range from-128,-108dBm to-131,-108dBm, 
to increase the possibility that weak or envi- 
ronmentally constrained platforms will be re- 
ceived by the satellite. 

Other Satellite Systems 
Beyond the instrument enhancements sched- 
uled for the NOAA satellites, Argos now has 
an agreement with Japan to fly an expanded 
instrument on ADEOS 2, a turn-of-the-cen- 
tury polar orbiting satellite. This instrument 
will have a downlink (two-way) messaging 
capability to allow users to reconfigure the 
characteristics of their platforms. Addition- 
ally, as of July 1995, an understanding is 
being negotiated to include Argos on 
EUMETSAT METOP satellites. See Table 1. 
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Specifically, in the latter half of the 1990's the 
Argos system will enable: 

- more sensor data and locations by 
processing data from additional satellites, 
and through such instrument enhance- 
ments as increased onboard capacity, wider 
receiver bandwidth, and more flexible 
management of transmitter repetition 
periods. 

- greater sensitivity to low-power signals; 
- relaying commands to transmitters (referred 

to as downlink messaging). 

As mentioned, the downlink messaging 
capability will be added to Argos 2 on Japan's 
ADEOS II satellite in 1999. For the European 
METOP-1 satellite and NOAA-N', beyond the 
year 2000, plans are underway for Argos 3, 
which could incorporate still further 
enhancements, such as increasing the 
sensitivity again. At this time, management 
of the bandwidth through designation of 
spectrum for certain applications will be in 
practice. Argos system users are urged to 
participate in discussions with Argos 
management to provide input as to program 
requirements. 

CONCLUSION 

The trend today is toward synergy in the 
development of instruments for weather and 
climate forecasting and those for oceano- 
graphic research. Non-Lagrangian meteoro- 
logical buoys are being fitted with thermistor 
strings, and SVP Lagrangian drifters with 
barometer ports. The meteorological and 
oceanographic communities are building effi- 
cient Global Climate and Ocean Observing 
systems. 

The Argos system is scheduled to operate 
well into the next century, and is prepared for 
the challenge of providing timely and reliable 
global ocean observations through: 

- enhanced worldwide and regional location 
and data collection capabilities, 

- a range of new operational services, 
- coordination with other satellite systems to 

support existing and future environmental 
monitoring and protection requirements. 
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Introduction 

Understanding the oceans as a global system is 
necessary to cope with a growing list of 
international issues including fishery 
management, pollution, energy and mineral 
extraction, waste disposal, recreational use, and 
prediction of local weather and long term climate 
trends.   As a result, there is an international 
effort underway to design global ocean and 
global climate observing systems (GOOS and 
GCOS) with the goal of providing, systematic, 
long-term, world-wide measurements of the 
required ocean parameters. These systems will 
consists of global observation of the sea surface 
by satellite, and will require global deployment 
of the traditional (single-point) oceanographic 
measuring instruments such as CTD's and 
current meters, by ship, moorings, and free- 
drifting or powered vehicles in order to monitor 
the oceans' interior.   Unfortunately, none of 
these interior measurement techniques provide 
global, synoptic coverage comparable to satellite 
observations of the surface, thus pointing to a 
need for more efficient and inexpensive interior 
measurement technologies. 

Acoustics is certain to play an important role in 
any global ocean observing system. Aside from 
the fact that sound is already used to obtain a 
wide variety of fundamental ocean data (e.g., 
water depth, bottom relief and geologic 
properties of marine sediments, currents. 

turbulence, internal waves, mesoscale variability, 
seismics,. suspended particulate matter including 
pollutants, and fish and plankton density, 
distribution and type) it is a natural choice for a 
remote sensing probe since it is the only form of 
energy that efficiently propagates to long 
distances in the ocean. The characteristics of the 
propagating sound are affected by the properties 
of seawater itself, by its temperature, salinity 
and chemical composition, by objects within the 
ocean volume, and by interaction with surface 
and bottom boundaries. Information about these 
parameters is embedded in propagating sound 
waves and can be extracted by tomographic 
techniques. 

In this paper we focus on two new developments 
in underwater acoustics that offer the potential 
for significantly enhancing world-wide ocean 
observations.   First, measurements based on 
long-range acoustic transmissions offer the 
advantage of providing large-scale, synoptic, 
integrated quantities not easily obtainable with 
conventional sensors which must be deployed in 
large numbers. A simple analogy is to think of 
an acoustic signal, which travels at 1500 m/s, as 
equivalent to a ship moving at 3000 kts.  The 
second development involves the possibility of 
civilian access to the underwater receiving arrays 
used for submarine surveillance during the Cold 
War. This opens the door to several global 



ocean observing opportunities including marine 
mammal distributions, earthquake activity and 
monitoring commercial fishing. 

Acoustic ThprmnmPtrv and Tomofrraphy 

There is an international effort underway to use 
underwater sound to monitor basin-scale mixing 
and circulation processes, largely through 
tomographic techniques, and global-scale ocean 
temperature changes via ocean acoustic 
thermometry. 

Ocean acoustic tomography, first proposed in the 
late I970's by Munk and Wunsch', has since 
developed to the point where it has been 
employed as an oceanographic measuring tool in 
a number of regional areas including the 
Greenland Sea, the Gulf Stream, the Miami 
Straits, the central North Atlantic gyre, the 
central Pacific, the Kuroshio region, and the 
Mediterranean2. Tomography provides spatially 
averaged quantities, such as currents and heat 
flux, rapidly and repeatedly. It is based on the 
fact that the travel time of acoustic signals 
transmitted between multiple points on the 
perimeter of an ocean volume are related to the 
sound speed and current fields in the interior. 
Tomography consists of measuring the travel 
times and deducing the interior fields. This 
"inversion" is accomplished using standard 
linear inverse techniques in which the fields are 
parameterized with a finite number of discrete 
parameters derived from a model of the ocean. 

An example of a recent tomographic 
measurement concerns observation of the 
formation of deep water within the Greenland 
Sea in order to better understand the mechanisms 
responsible for this important ocean circulation 
process3. A tomographic array of six 
transceivers (Fig. 1) was deployed on the 
abyssal plain of the central Greenland Sea in 
1988. The instruments, which made 
measurements every 4 hours for a year, operated 
at 250Hz at levels of 193 dB re 1 uPa. The 
resulting tomographic inversions (Fig. 2) provide 

a three dimensional time history of the formation 
• of winter cold surface waters which remain 
stable due to thermal insulation by ice (Nov, 
1988 to Jan, 1989,) and then rapidly deepen as 
the ice melts (late Jan, 1989) thereby exposing 
the ocean to colder atmospheric temperatures. 

A second example of the power of tomography 
for basin-scale observations is an experiment 
conducted in the southern North Atlantic in 
19914. Here an array of five tomographic 
instruments, moored in a pentagon with 350 Km 
radius , was circumnavigated by a ship that 
lowered a tomographic transmitter every 25 km 
along it's 500 km radius (Fig. 3) circular path, 
thus providing an extremely dense set of 
tomographic sections. The similarity of the 
tomographic inversion at 700m depth (Fig.4) to 
the familiar colorized satellite sea-surface 
temperature map is striking, and indicative of the 
complementarity of the two observational 
methods. The latter "sees" the surface; the 
former "sees" theinterior. The accuracy of the 
tomographic measurement is verified in the 
comparison between the tomographically 
derived temperature field along the circular 
ship's track, and the temperature field measured 
by a conventional CTD lowered from the ship at 
each 25 km station (Fig. 5). 

JAMSTEC has an active program to develop 
acoustic tomography. In 1993, in cooperation 
with OKI Electric Industry Company, a 200 Hz 
tomographic transmitter based on rare-earth 
magnetostrictive materials, was tested near the 
Japan trench. It demonstrated performance for 
1000 km applications5. Other programs include 
those at IFREMER in France, and in Germany 
and India. 

The possible extension of basin-scale 
tomographic techniques to global proportions 
was demonstrated in a 1991 experiment called 
the Heard Island Feasibility Test6, and at the 
19th UJNR Marine Facilities Panel Meeting we 
reported on an outgrowth, ocean acoustic 
thermometry, a method to measure global ocean 



temperature7. An cooperative international 
program has been formed, Acoustic 
Thermometry of Ocean Climate (ATOC) to 
demonstrate the full potential of underwater 
signals for measuring oceanic temperature 
changes. The U.S. effort is the largest 
component of the program; other participants 
include Australia, New Zealand, England, 
Germany, France, Denmark, Norway, South 
Africa, Canada, China, Russia and here in Japan. 
As in tomography, JAMSTEC plays an 
important part in the program and is currently 
developing the special acoustic transmitters and 
receivers necessary for ocean climate 
measurement. 

The original plan was to install two acoustic 
transmitters, one near Pt. Sur, California, and 
one on the north coast of the island of Kauai. 
But execution of the program has been held up 
by concern on the part of individuals and 
environmental organizations about the effects of 
underwater sound on marine mammals and other 
ocean life. Initial misunderstandings about the 
levels of sound to be transmitted were largely 
responsible for a year-long delay in securing the 
necessary permits from the U.S. National 
Marine Fisheries Service * However, in spite of 
the delay, a number of initial experiments have 
been performed, and as of this writing, all 
permits are in place for transmissions to begin 
off the coast of California. These are to be 
received by a variety of systems including 
horizontal arrays fixed on the bottom and 
vertical arrays both moored in place and freely 
drifting (Fig. 6). 

An issue critical to using long range acoustic 
transmissions for ocean measurement is the 
effect of ocean internal waves and other random 
perturbations of the sound field on the ability to 
accurately measure acoustic arrival times. 
Recent work has suggested that the cumulative 
effect of these phenomena might limit useful 

*In translating the 195 dB re 1 uPa ATOC source level to 
equivalent units in air, an error of some 60 dB, or a factor 
of 1,000,000 was made. 

transmission ranges to 1,000 km or less. 
However, in a 1994 experiment the utility of 
signals to at least 3,000 km range was 
demonstrated. The experiment, in which the 
transmitter developed especially for ocean 
acoustic thermometry (70 Hz center frequency, 
20 Hz bandwidth, 195 dB re 1 uPa level,) was 
suspended from the Floating Instrument Platform 
(FLIP) for a five day period, was also used to 
optimize signal design. 

Another test of the potential of global acoustic 
observations occurred in the spring of 1994, with 
the transmission of 19.6 Hz signals across the 
Arctic ocean from an acoustic source located 
north of Svalbard to receivers in the Lincoln sea 
900 km away, and receivers in the Beaufort Sea, 
2,600 km away. These signals were received 
with remarkable stability, due in part to low level 
of internal wave energy in the Arctic compared 
with temperate oceans8. 

Finally, a working group on the subject of global 
ocean acoustic measurements, under the auspices 
of the Scientific Committee on Ocean Research 
(SCOR), a division of the International Council 
of Scientific Unions, has been formed to 
consider opportunities for international 
collaboration and new technology development. 
As a result, there is a Western Pacific subgroup 
(S. Korea, P. R. China, and Russia), with China 
and Russia working on transmitting and 
receiving system technology. As noted, Japan is 
also developing source and receiver 
technologies. South Africa, India and Australia 
have formed a subgroup to plan acoustic 
thermometry in the Indian ocean, and have 
conducted a number of at-sea tests to 
demonstrate transmissions between South Africa 
and Tasmania and from Western Australia to 
South Africa and India. An Arctic subgroup 
(Russia, US, Denmark, Norway and Canada) 
focuses on the Arctic Ocean, and the U.S., U.K., 
France and Germany are cooperating similarly in 
the North Atlantic. 

This robust international interest and 



cooperation, coupled with regular acoustic 
transmissions to begin shortly from California", is 
an indication of one role underwater acoustics 
might play in a global ocean observing system. 

Civilian Use of Acoustic Submarine Surveillanre 
Systems 

The end of the Cold War provides a unique 
opportunity for exploiting the systems 
developed for underwater acoustic submarine 
detection and tracking. In the U.S., the Navy has 
encouraged civilian scientist to use its 
underwater listening systems in both the Atlantic 
and Pacific. These systems, which provide 
ocean-basin scale coverage, have already 
demonstrated their potential to monitor ocean 
seismicity and volcanism (Fig. 7), to study the 
migration of whales and assess marine mammal 
population levels and behavioral trends (Fig. 8), 
and to monitor certain commercial fishing 
activities910. These systems can also serve as 
reception points for tomography and 
thermometry systems and in a less direct 
application of acoustics to global observations, 
as receiving sites for acoustically telemetered 
data. 

The recent successful adaptation of signal 
processing techniques developed largely for 
cellular telephone and computer network 
applications to underwater communications has 
resulted in the possibility of short range systems 
with data rates approaching 100 Kbit/s at 1 km 
range, and long range systems with 100 bits/s at 
2000 km range". These can be combined into 
high speed local data links, coupled to lower 
speed long range links, thus promising to ease 
the problem of extracting data from in-situ ocean 
instruments that are fixed to the bottom, moored 
in place, or drifting at mid-depth, which at 
present must be either cabled to shore (an 
expensive alternative) or designed to come to the 
surface for satellite telemetry access. 

Summary 

Underwater acoustics offers the attractive 
possibility of global measurements of the ocean's 
interior, which complement global satellite 
observations. The acoustic signal provides a 
spatially integrated measurement of ocean 
properties, such as heat content and currents, not 
easily measured by conventional techniques. 
The measurements can also be repeated rapidly. 
A number of recent tomography experiments 
have demonstrated the capabilities of acoustic 
observations on 1000 km scales, and there is an 
international program underway to develop 
acoustic techniques for global scale 
observations. The possible availability of 
military submarine detection systems makes 
underwater acoustic methods even more 
attractive 
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Fig. 3. Acoustic paths created by transmissions from ship stations every 25 km 
around the circumference of a 500 km radius circle to 6 tomography receivers 
moored in a 350 km radius pentagon. 
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Fig. 4 Sound speed (essentially temperature, since 1 m/s = 0.25 0C ) perturbation 
at 700m depth obtained by tomogxaphic inversion of acoustic data, July 4-18, 
1991 (upper panel), and comparison of sound speed perturbation at 700m 
obtained from acoustic data and from an aircraft XBT survey (in box), July 15-30, 
1991. 
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L SUMMARY 

This paper describes the progress in a program for the development of a new family of ocean 
sensors together with a small, cost-effective autonomous underwater vehicle (UUV) for 
applications in coastal ocean studies. The goals of the program emphasize developing the 
capability to more completely monitor the coastal oceans including: 

A. Developing remote sensing/instrumentation technologies for the measurement of 
acoustic, optical, biological, chemical, benthic, seabottom characteristics and other 
physical properties in the coastal ocean; 

B. Carrying out in situ environmental measurements, data analyses and sensor tests and 
evaluations relevant to ocean properties; 

C. Developing environmental data bases; and 
D. Developing selected remote systems concept technologies for remote measurement 

system concepts. 
The program emphasizes the coastal waters of Florida but may be generalized to other 
environments. The effort is producing a sensor rich, low cost computer-controlled, unmanned, 
untethered vehicle/sensor system with the ability to navigate, carry out mission plans, manage 
sensor and data acquisition systems, and return information to the operator as well as a range of 
oceanographic and acoustic sensor systems for UUV deployment 

H. INTRODUCTION 

The potential and importance of the coastal ocean area has been recognized by the State of 
Florida and a program of infrastructure enhancement and technology development has been 
undertaken. The University of South Florida's Department of Marine Science and the Ocean 
Engineering Department at FAU have addressed this through a collaborative program of sensor 
and platform development research. A decade of technological progress has resulted in the 
demonstration of the feasibility of employing low cost AUV platforms to transport 
oceanographic sensors. Because the UUV is free-swimming it can readily adapt its data 
collection path to the environment, thus permitting "Tactical Oceanography" and a consequent 
versatility for scientific, military and commercial applications. 

As a result of a two year effort, the successful development, adaptation and deployment of 
the sensors using the UUV is now underway and is demonstrating the viability of the small, 
modular UUV/sensor system concept This experience is providing the basis for a broad range of 
applications for the UUV, including the development of varied sensor packages, and the 
technology used in the creation of the vehicle and sensors themselves. The initial suite of probes 
and sensors, all of which will ultimately be marketable to a wide scientific, commercial and 
military audience, that have been adapted to the FAU UUV Ocean Voyager and Ocean Explorer 
platforms to demonstrate the usefulness of the system include: 

1) Measurement of Small-Scale Turbulence in the Ocean 
2) Seabottom Characterization; 

Bottom Classification/Albedo Package for Bottom Mapping and Feature Classification 
Seafloor Sediment Characteristics as Related to Acoustic Properties of Selected 

Coastal/Shallow Marine Environments 
Integration of Sidescan/Subbottom Sonars on UUVs for Environmental Characterization 

3) CTD 
4) Development of High Speed Acoustic Modem for UUVs 



HI. VEHICLE/SENSOR PROGRESS 

The following section includes an overview description of the technology development for 
the initial generation Ocean Voyager n and the next generation Ocean Explorer UUVs. A series 
of measurement tasks have been identified, each of which supports specific important scientific 
or environmental missions. The characterization of the UUV is offered first to set the framework 
for the program. In discussing the overall UUV efforts examples are presented and discussed in 
order to illustrate the UUV effort. 

ULA   UUV System Development 

Overview 
Targeted missions have been carried out in the U.S. EEZ off the coast of Florida in and 

around the Gulf of Mexico and the Florida Keys. Over the majority of this region water depths 
are less than 100 meters. Thus a maximum depth rating for the vehicle need not be in excess of 
600 m. These relatively shallow requirements reduce substantially the cost of many system 
components. 

Range requirements include the ability to conduct long distance missions, high density 
surveys and minimize launch and recovery cycles permission. A "lawn mower" pattern of 
transects cover 2 x 2 km patch areas is envisioned. Endurance capabilities to support one launch 
per day are also within the capability of the vehicle system. To achieve this, vehicle drag, 
propulsion efficiency, hotel load and energy capacity have been carefully balanced. The vehicles 
employ a low drag fiberglass fairing is 2.4 m long with a maximum diameter of .6 m. The hull 
form of the Ocean Voyager (Figures 1 and 2) is a Gertler Series 58, Model 4154 with a prismatic 
coefficient of 0.65, a wetted surface area of 3.54 square meters and enclosed volume of .441 
cubic meters. 

In the new generation Ocean Explorer version (Figure 3) now being deployed the entire 
computer, motor, actuator and vehicle battery package is installed in the rear 3.2 meters of the 
vehicle. Payload nose sections up to some 2 meters have been mated to this package. The result 
is a high degree of interoperability and flexibility of the resulting UUV/sensor package. Table 1 
provides a summary of the Ocean Explorer characteristics. 

Intelligent Distributed Control Systems 
The successful deployment of semi-autonomous and autonomous vehicles requires that 

crucial on-board tasks become automated or computer controlled. As more and more tasks are 
automated, the complexity of the attendant command and control system can increase 
dramatically, especially when using conventional centralized approaches. The key technology 
enabling the concept is called the Intelligent Distributed Control System (IDCS). This is a 
control strategy that advantageously combines techniques from both intelligent and distributed 
control systems to provide the basis for the control of a new generation of ocean going vehicles. 
Intelligence is required to successfully automate complex tasks in the hazardous and 
unpredictable ocean environment. Distribution is required to both reduce complexity and 
increase reliability of sensing and control systems 

The nodes of the FAU IDCS are based on a new microcontroller produced by Motorola 
called the Neuron Chip. The communications support the full 7 layer OSI model and transceivers 
are available for twisted pair (1.25 Mbps), RF (4.9 kbps), and power line communications. The 
power line module uses spread spectrum signal processing algorithms to achieve reliable 
communication over noisy power distribution lines. The LONWorks protocols support network 
variables, multitasking, and event driven scheduliri^llhough the Neuron nodes will be 
responsible for many sensing and control tasks at this time a main real-time controller is still 
employed to perform high level mission planning and coordinating tasks. The organization of 
the IDCS based architecture for Ocean Explorer is shown in Figure 4. 
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Figure 2. Present Configuration of Ocean Voyager II with sidescan/subbottom instrumentation. 
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Table 1: Ocean Explorer: Configuration and Capabilities 
Item 

Hull   Shape,   Size   and 
Composition 

Weight 
Control 
Drive Train 

Servos 
Speed 
Total Drag 

Specifications 
Gertler Series 58 Model 4154, Nominal Length = 7 ft. Max Diameter = 21 
inches. Fiberglass Fairing. Modular tail, nosecone, and parallel mid-body 
sections  
Dry = 250 kg  Wet = 700 kg 
Aft mounted, servo controlled rudder and stem plane 
Custom high efficiency ducted 3 bladed propeller, 275 rpm at 3 knots, 
Brushless DC motor, 
Custom bnishless DC, torque,  20 kg/cm, stall 125 kg/cm 
Cruising = 3 knots. Maximum speed = 5 knots 
23 Newtons at 3 knots, 62 Newtons at 5 knots 

Propulsion Efficiency 
Power Supply 

Range 
Pressure Vessels 

Depth Rating 
Main Computer 

Distributed 
Microcontrollers 
Attitude and Angular Rate 

Altitude 
Depth 
Speed 

Time 

60 % at 3 knots 
Battery 648volt stack .with step down DC/DC converters 
Capacity: NiCad= 36 amp hours  
> 60 nautical miles 
Main = aluminum cylinder 20" long 10" OD 
Motor /Servos= aluminum cylinders 10" long 3.5 " OD 
Battery = 8 aluminum cylinders 18" long 5.56" OD 
300m 
Of R VCPU35DC40, VME backplane, 40MHz 68030 with FPU and 8 Meg 
RAM. 10 RS-232 Serial ports, 1 Ethernet port LONTalk gateway  
Echelon TPXF1250 Control Modules (Neuron Chips) on LonWorks 

Watson AHRS-C303RS 3-Axis angle /rate Yaw, Pitch, Roll and XYZ 
accelerometers, 3 axis flux gate compass 
RDIDVL in bottom lock min 1 meter max 30 meters 
Falmouth CTD 500 m range < 1 cm resolution 
Ground Speed RDI DVL in bottom lock 02% vel accuracy 
Water Speed RDI DVL in water column track  

Location 
Real Tune Clock on Computer 0.1 sec 
DGPS 
USBL Transponder ORE TrackPoint 11 

Propulsion Load @ 3 knots 
Non oceanographic hotel load 

total power 

70 watts 
50 watts 

120 watts 

HLB.  Example Instrument Configurations 

Bottom Classification/Albedo Package(BCAP) 
Major modifications of bottom flora and fauna of the Florida shelves can occur rapidly as a 

result of: 1) land use changes; 2) hurricanes; and 3) oil spills and other sources of pollution. 
Diversion of much of the historical fresh-water influx to and runoff from the Everglades is 
thought to have contributed to the development of the hypersaline "dead zone" in Florida Bay, 
where loss of sea grasses has devastated much of the sports fishing industry. Losses or changes 
in flora and fauna also accompany oil spills, increases in pollutant levels, and the erosion and 
deposition resulting from large storms. Documentation of change is the primary motivation for 
development of this sensor package. Bottom albedos also indicate the contribution of reflected 
light in satellite spectrography. By quantifying the bottom albedo and classifying sediments, 
flora, and fauna on repeated transects of the Florida shelves using satellite imagery to interpolate 
between them in the shallower waters, change can be observed and quantified. Bottom type will 
be classified using spectral reflectance (albedo), spectral imaging and spectral fluorescence 



imaging. Environmental factors such as salinity," temperature, chlorophyll and DOM fluorescence 
will also be quantified. 

For active reflectance measurement an artificial source of illumination must be provided. 
The major constraint in the active measurement systems is that the UUV be close enough to the 
bottom so that when using low power illumination sources, the reflected light is above sensor 
thresholds (< 5 meters). This approach uses a downward-looking color CCD imager and high 
efficiency lamps with the appropriate spectral content. To calibrate the readings, a temperature 
sensor records the CCD temperature and a photo diode the lamp output. Hyperspectral analysis 
of the center pixels of the CCD image provides an accurate measure of the albedo. In addition, 
selected CCD video images of the sea floor can be recorded for later analysis. 

The integration of BCAP with the Ocean Voyager UUV is shown in Figure 1. As an 
independent, submerged vehicle, an UUV has proven to be immune to the oscillations which 
affect surface vessels and the instruments tethered to them. Long, preprogrammed transects have 
been executed and used to map sizable areas, including tasks in conjunction with simultaneous 
aircraft imagery overflights. 

Integrated Chirp Sidescan and Subbottom Sonar Surveys 
Figure 2 shows the Ocean Voyager configuration with the EG&G Sidescan/Subbottom Sonar 

combination system. The 75 kHz sidescan and 2-10kHz system employ separate source 
transducers but share the same line array receive transducers. This provides for both economy of 
hardware as well as directionality for the subbottom. Once again, the UUV has proven to be an 
effective, stable platform for performing surveys in coastal waters. On at least one exercise, sea 
conditions ranging to 2 meter waves would have prevented useful surveys to be carried out by 
the 12 meter surface support craft The vehicle operating in 10 to 20 meter depths and some 2 
meters above the bottom proved to be very immune to surface wave disturbances. 

The Ocean Explorer UUV (Figure 3) has been adapted to carry the integrated 
sidescan/subbottom package. A 21" diameter mid-section has been built to mount the transducers 
and instrumentation in a classic example of the modularity and expandability afforded by the 
Ocean Explorer design. Automatic characterization of seabottom parameters are now being 
implemented on the Ocean Explorer version. 

Small Scale Turbulence 
A small scale turbulence package (Figure 5) developed at FAU has been deployed to measure 

local small scale turbulence properties. These turbulence measurements can be used to 
characterize dispersion and suspension rates of sediments and nutrients as well as acoustical 
propagation characteristics. The sensor package shown in Figure 5 is mounted on the modular 
ocean Explorer and consists of shear probes and an electomagnetic velocity sensor mounted 
ahead of the nose of the vehicle. An accelerometer bank mounted in the nose of the vehicle is 
used to measure probe support whole body vibration which is subsequently subtracted from the 
sensor data. The package is employed in long straight tansects to minimize vehicle motion 
effects on the measurements. 

CTD 
A standard component on the Ocean Voyager and Ocean Explorer vehicles is a Falmouth 

micro CTD. The vehicles employ the pressure gauge of the CTD to determine vehicle depth. 
Any time the vehicle is in operation, it will collect CTD data as a byproduct of whatever else it is 
doing. 

Acoustic Modem 
FAU in conjunction with EG&G has developed an acoustic modem designed for high 

reliability in doppler and multipath environments at data rates of around 2 kbps. This modem 
uses narrow band phase encoded pulses each centered on a sub-frequency band. Several sub- 
frequency bands are employed in parallel to increase the data rate (MFSK). The modem uses a 
TIDSP320C30 DSP chip. A low speed acoustic release type modem is employed to "wake up" 



the high speed modem. The modem will provide the real time telemetry, mission control updates 
and the possibility of coordinated multiple vehicle operations. 

Figure 5. Small Scale Turbulence Probe Assembly on an Ocean Explorer Nose Cone. 

IV.      PRESENT STATUS 

Ocean Explorer Future Developments 
At the present time the operational feasibility of employing the "Ocean" family of UUVs for 

deploying a number of complex oceanographic measurement functions has been demonstrated. 
Development plans will aim to more fully exploit the capabilities of the IDCS approach and the 
attendant physical and functional modularity which it provides. The future will address the 
employment of additional Ocean Explorers as well as additional sensor packages. The use of 
multiple vehicles as well as more complex measurement scenarios will also be addressed. 

Ship Automation and Manning Reduction 
In the course of the research on applying IDCS to UUVs it has become evident that this same 

technology is potentially very applicable to the development of robust communications and 
controls of ship systems at the component levels. Several simple examples of this premise have 
been explored and a further effort is now being planned. 

This research has been supported by ONR, NOAA and the State of Florida 
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The observation of large scale propagation structures lor such physical 
phenomena as ocean surface and sub-surface gravity waves requires the use 
of extended measurement systems in order to resolve the space-time correlated 
structure of the wave system in an unambiguous manner. The author has 
developed a "mini-array" approach for such observations. The "mini-array" 
consists of a fixed set of three or lour sensors haying a limited effective aperture 
of sufficient size to be capable of determining wave propagation vectors for 
wavelengths and wave periods of interest with low to moderate resolution and 
containing on-board location and orientation sensors based on GPS and the 
local magnetic field. These "mini-array" units can be combined to form a larger 
field with increased accuracy and resolution, through the combination of their 
individual vector outputs. The use of either tethered or free floating "mini- 
arrays" to form larger observation fields offers two advantages. First, the field 
measurements can be combined through vector summation, rather than by 
direct "phased array" comparison, significantly reducing the communication 
bandwidth required across the sensor field. Second, the individual sensor 
"mini-array" field elements are self locating, greatly simplifying the correlation of 
field measurement with absolute location and the installation and maintenance 
of the field over an extended observation period. The paper describes the 
general design of the "mini-array" and Its Incorporation In a larger observational 
field for ocean wave sensing. 
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The observation of large scale propagation structures tor such physical 
phenomena as ocean surface and sub-surface gravity waves requires the use 
of extended measurement systems in order to resolve the space-time correlated 
structure of the wave system in an unambiguous manner. The author has 
developed a "mini-array" approach for such observations. The "mini-array" 
consists of a fixed set of three or four sensors having a limited effective aperture 
of sufficient size to be capable of determining wave propagation vectors for 
wavelengths and wave periods of interest with low to moderate resolution and 
containing on-board location and orientation sensors based on GPS and the 
local magnetic field. These "mini-array" units can be combined to form a larger 
field with increased accuracy and resolution, through the combination of their 
individual vector outputs. The use of either tethered or free floating "mini- 
arrays" to form larger observation fields offers two advantages. First, the field 
measurements can be combined through vector summation, rather than by 
direct "phased array" comparison, significantly reducing the communication 
bandwidth required across the sensor field. Second, the individual sensor 
"mini-array" field elements are self locating, greatly simplifying the correlation of 
field measurement with absolute location and the installation and maintenance 
of the field over an extended observation period. The paper describes the 
general design of the "mini-array" and Its Incorporation In a larger observational 
field for ocean wave sensing. 
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UNDERSEA VEHICLES AND NATIONAL NEEDS 

SCOPE OF PROJECT 

• REVIEW AND ASSESS STATUS OF VEHICLE SYSTEM 
TECHNOLOGY AND DEVELOPMENT IN THE UNITED STATES 
AND FOREIGN COUNTRIES 

• ASSESS MILITARY DEVELOPMENT THAT HAVE POTENTIAL 
CIVILIAN APPLICATIONS 

UNDERSEA VEHICLES AND NATIONAL NEEDS 

[TRANSPARENCY I]  The Earth's oceans are the central engine of ttie energy and 

chemical balance that sustains mankind.  They provide warmth and power.   They moderate 

the weather so food can be grown on the land to feed the earth's human population.   Their 

living resources also supply food.   With proper care, humanity can ensure that this engine 

continues to run, supporting human life as the population multiplies. 

The nation faces decisions that require information about pollutant concentrations, 

climate change, the ocean food chain and the hydrocarbon and mineral resources beneath and 

on the ocean bottom.   Humanity's first knowledge of the ocean came from observations 

aboard surface vessels and from instruments put into the sea.   Later came aircraft and 

satellites with sensors aboard.   All of these platforms and tools remain valuable, but 

underwater vehicles have made it possible to go into the sea, beneath the surface, giving 

human beings firsthand information about how the oceans work. 

This study and report by a balanced team of ocean scientists, underwater vehicle 

development engineers and managers with expertise from government service, academia, and 

industry will assess the value of developing selected underwater vehicles.   On the basis of 

that assessment, it offers recommendations for actions that will lead to systems that offer 

access to knowledge and tools that protect and enhance human life'. 

[TRANSPARENCY 2]  The scope of this project concerning undersea vehicles and   . 

national needs is shown on this transparency. . We were to review and assess the status of 

vehicle system technology and assess military developments and their possible contributions 
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UNDERSEA VEHICLES AND NATIONAL NEEDS 

SPONSORS 

DEPARTMENT OF DEFENSE 

ADVANCED RESEARCH PROJECTS AGENCY (ARPA) 

OFFICE OF NAVAL RESEARCH (ONR) 

NAVY DEEP SUBMERGENCE OFFICE 

•      NATIONAL OCEANIC AND ATMOSPHERIC 
ADMINISTRATION (NOAA) 

NATIONAL UNDERSEA RESEARCH PROGRAM (NURP) 

•      NATIONAL SCIENCE FOUNDATION (NSF) 

DEFINTnONS 

UNDERSEA VEHICLE: A mobile, controlled, self-contained 
subsurface platform capable of carrying sensors and 
tools. 

DEEP SUBMERGENCE VEHICLE (DSV): A human-occupied 
vehicle, sometimes deemed "manned underwater 
vehicle." 

REMOTELY OPERATED VEHICLE (ROV):  A vehicle that is 
supplied with power and communications link or 
umbilical. 

AUTONOMOUS UNDERWATER VEIDCLE (AUV): A vehicle 
that is not linked to a surface or external control or 
power source—if an acoustic or fiber-optic link is 
provided, the vehicle is considered to be a hybrid. 

Marine Systems Engineering Laboratory; Claude Brancart of Draper Laboratory; Edward 

Clausncr of Western Instruments Corporation; John Jacobson of Perry Tritcch, 

Incorporated; Craig Mullen of Oceaneering Technologies, Incorporated; William Shroeder 

from the University of Alabama; and William Sprigg of the National Research Council's 

Board on Atmospheric Sciences and Climate. 

We also received presentations from experts from the following organizations: 

AT&T; Cable and Wireless Marine, Limited; Deep Ocean Engineering; Naval Command, 

Control and Surveillance Center, NRAD; National Oceanic and Atmospheric 

Administration's National Marine Fisheries Service and Southwest Research Laboratories; 

Scripps Institute of Oceanography; Shell Oil; and Submarine Development Group One of the 

U.S. Navy.   We also had assistance from Lynne Carter from the University of Rhode Island 

and Don Walsh from International Maritime, Incorporated, who was the Marine Board 

Liaison for this study until June 30, 1994. 

[TRANSPARENCY 6]  The study sponsors included these federal agencies involved 

in undersea research. 

[TRANSPARENCY 7]  In this study, undersea vehicles are defined as deep 

submergence vehicles (DSVs).   Several of these vehicles have a depth capability to 6,000 

meters and one—Japan's SHINKAI—can dive to 6,500 meters.   Their range is less than 50 

kilometers.   Their endurance is normally eight hours and is extremely limited by human 

endurance.   Life support systems range up to 72 hours.   They are stable platforms with 

direct human observation and in situ manipulation control. 

Their limitations are that they are large in size, heavy, difficult to handle and 
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TECHNOLOGIES 

SENSORS: Advince* In opticil md icoustic tensor technology 
have been nude; much needs to be done, especially In 
chemical lemon. 

GUDAMOT AND MISSION COKIKOL AND 
TASK-PESFOBMANCE CONTKOL SYSTEMS: 

A cdticil area for altention; advances mission control in 
parallel with new task-level control architectun and use 
of acoustic bandwidth will permit human operators to 
direct AUVs, observe events, and issue high-level 
commands in real-time. 

General-purpose manipulaton and tools are well 
developed for most tasks. A cdlical area, real-time task 
planning and task-management architecture, with 
sophisticated interfaces, will enable humans to direct 
operations from the task level for AUVs. 

COMMUNICATIONS: Fiber-optic tether has increawd 
bandwidth ^nd mhamvi supervisory control capability 
for ROVs. Significant advances in acoustic 
communications are underway; with concunent advances 
in computing power and task-level control, this is a 
CnUCll development area for AUVs. 

S 

TECHNOLOGIES 

(Continued) 

ENEBGV: A cdlical technology for AUV advawemem but 
not for other vehicles. High-density, low-cost technology 
will require govenunent support for development. 

NAVIGATION & POSTTIONINC: Dead reckoning capabilitites 
have evolved (using Information bom multiple sensors 
for incteased accuracy.  Posidoning over long tune 
periods and distance, with GPS Interface, will be key to 
optimizing AUV potential. 

DATA PROCESSING: State of practice is still embryonic, but 
significant advances in adaptations of data processing 
from other technology sources will have a major Impact 
on practical AUV operations. 

TECHNOLOGIES 

(Continued) 

MATERIALS AND STRUCTURES: State of practice generally 
satisfactory; becomes significant for deepest diving 
(> 6.000 m) vehicle development. 

PROPULSION: Current technology is generally satisfactory. 

LAUNCH AND RECOVERY: NO serious major technical 
concerns. 

on the development of high-level and near-real-time task-performance control technologies. 

They are presently limited by acoustic bandwidth and task complexity, internal data 

recorders' capacity, and energy sources. 

A vehicle of any of these types is a system:   the vehicle platform, the payload of task- 

performing devices and sensors, the control, the human in control either remotely or on-site, 

and the technology and hardware to support, launch and retrieve the platform.   The system 

must be integrated.  Just developing technologies is not enough. 

DSVs are the most mature of the vehicle types.  But there are several areas of 

potential improvement.  ROVs have reached an advanced stage in development. 

Autonomous underwater vehicles are still, relatively speaking, embryonic in development but 

hold great promise.  Key areas of advancement needed include task-performance control 

logic, improvement of energy sources, and system cost reduction. 

ITRANSPARENCY 8] There are three technologies that are considered critical to 

advancement in undersea vehicle technology.  The first of these is sensors.   The second is 

guidance and mission control and task-performance control systems.  The third is 

communications.   [TRANSPARENCY 9J  A fourth technology, energy, is also considered 

critical, but not as critical as the first three.   This technology is critical for AUV capability 

advancement, but not for other vehicles.   Navigation and positioning improvements, 

including GPS, will be key to optimizing AUV potential.   Data processing improvements are 

needed for handling the data that the sensors will collect.  [TRANSPARENCY 10] The 

state of practice is generally satisfactory in materials and structures and will only become 

significant for the deepest diving vehicle development. 

10 



31)1 Ul SUOinpilOD 33I-J3pun 3UIII1J313P 01 p33U 3A\     31SCM S,{l3l30S JO S3dX] 3UI0S JO [BSOdsip 

JOJ SUOIIEDOI sjqissod iCjiluspi puc psqess sifi qiesusq puc uo pue UBSDO sqj uiipiM ssssssojd 

l^isXiid pue iBDiuiaqo •|B3!3o|o38 sqi pueiuspun 01 pssu 3/ft   sausAODSip |BD|8o|ODBUiJEi|d 

siqissod umqo pue leusieui oipusS pue suuoj 3J!| MSU Xjnuapi UED 3f\ 

'3J3qM3sp pue uiry aijpej sqi 3uo|e ss^enbques ISEWJOJ 01 Xiinqe sqi SAOjdmi 01 pssu 

3^\    sueauinq e 8uijnp spur* aoejjns pue SSABM ssejjns sqj ainsesui 01 pssu 3^\   ssejjns 

UESSO 3iji jo suoiieAJSsqo SIIIISIBS XJUSA p|noqs 3M 'laedun SUIISBDSJOJ SIT pue OUJN 13 jo 

pus sqi pue UBIS sqi JOIIUOUI oi pasu 3A\   sSueqs 3iBunp pue JsqiBSM oajje ieqj siusipejS 

oimeuXpojpXq pue sjuieu^pouusqi sqi Xjuucnb 01 pssu 3fa   loo 9se3|3J JO jaisanbas suesso 

sqi qajHM q9nojqi ssssaoojd sqi 'sieunp sqi jo Suipunsjspun 3A0jdun 01 pssu 3yw 

"sjusunTunuos pue spssu leuoiieujaiu; pue (euopeu JOJ 3Sp3|M0tn| lesinejd SAOjduii 01 

P33U 3A\     SE3JB sSplJ 3lf) JO )U33J3d 3UO XpiO p3)E8llS3AUl pUB eaj* UB330 3qi JO lUSSJSd 3AIJ 

X|uo (iBjsp ui psddeui 3A,3^\  mnej uuojsuejj pue ssSpu uesso-piui 'saqsusn uesso dasp 

sqi SuipueisJspun 'ssnioissi 3ie|d ui sasraxud sqi jo Suipueisjspun siseq Suisuequa 3pn|Dui 

sapiqaA B3SJ3pun jo ssAittsfqo pue suoiieoiidde asusias MU [|| ADNaHVJSNVMJj 

-ssiJisnpui sanoqoj in uo psipoM 8ui3q 

3JB sjoieindnietu pue |OJJUO3 pue aoueuuojjsd Tpt±   3u|sS330Jd uo SUIJIJOM SJB ssmsnpu; 

uonE3iununuo33|3i pue jsinduioo JRQ   ssusueq ui Xnsnpui 3[iqomo]ne sqi ui pssnaoj 

Suisq si '3|duiex3 JOJ 'ASjsug  'SSIAJSS apiqsA essjspun pue essjapun JOJ padopAsp jsqunj 

JO psidepe sq 01 pssu pue sauisnpui jsqio ui psdopAsp sje saiSoiouqasi sqi jo XUBJ^ 

SUISISXS XISAOSSJ puB qoune) ui psisixs sunouoo |e3nn|39i jofeui snouss ou pue 'uoisindojd 

ui /OoiDEjsnBS X||eJ3U33 X3o|ouq33) lusjjns sqi psjspisuoa (sued Apms sqj. 

Axnvnf) asuvM    • 

Nrvaao mix m axsvw    • 

saDimosaH a^aMv^^| ONIAIT    • 

iNaiMaDVNvpv ONV xwawjoiaAaa 'XNawssassv    • 

siNawxnMMoo •miouAwniNi S.NOIIVN iHojjns    • 

aoaaTMONM TVDLLDVHJ 3AOMJ»MI    • 

NV330 JO SNIONVlSHaaNn DISVH 30NVIINa      • 

SNouvDnddv aoNaios 



PIATTORM 
DESOUPITON 

SAMPUNG DOMAINS                                                       1 

TIME HORIZONTAL 

Moorinp 1 mintoyean centimeters •t feed depths; nnface to 
hundreds of meten 

Ship* on lUtknt <1 hour to 4 week! on station:    cenUmeten 
Inientation:   kflomelen 

surftce to hundreds of meters 

Ship nuppint at focd 
depth 

M diyi w 4 weeb < 1 m to hundreds of 
kUometen 

at fiied depth: upper few hundred 
meters 

Ship towed butnimeots 15 A*yt to 4 weeb 0 J km to hundreds of 
kflometen 

< 1m to hundreds of meters 

Driften (Droguet) 1 min to 6 months <1 m to thousands of 
kilometert 

at fiied depth; upper tens of 
meten 
to 1000 meten (Rossby Fknts) 

Airplanes minutea to one day tens of melert to 
thousands of kflome ten 

upper few meten (optical 
attenuation depth) 

SatcQitet 1 day to yean 1 km,(lobi) upper few meten (optical 
atteauatioo depth) 

Deep Submergence 
yehfcfca (DSVi) 

minute* to one day 
(72 hit. emericncy) 

<1 m to <3 km vtriabk ovct range to 6,500 m' 

Remotely Operated 
Vehkki (ROVi) 

minutes to weeb <] m to <1 km variable over range to 11.000 m* 

Autonomoui 
Undetwiter Vehicles 
(AUVi) 

minutea to >ooe day, or 
weeb when lotermitlently 
operated 

<lm to <300 km vuiable o«t nngc to 6,000 m* 

'opentionaBf demoiutnted 

arctic seas relative to temperature and the effect on arctic storm generation, and also examine 

the pollution such as that coming from the Russian nuclear sources and to examine and assess 

nutrients affecting fisheries. 

We need to understand the dynamics of marine animal populations and their coupling 

to physical and biological processes.   Commanding many of these goals, we need to support 

the nation's international commitment involving large spatial and temporal measurements 

within and on the ocean.   A good example of this is the Global Ocean Observing System. 

We need to assess, develop and manage the living resources of the ocean.  Traditional 

methods of collecting data on population variables have reached their limits.   Underwater 

vehicles offer a new tool for research in deep water for large area surveys.   For this, we 

require accurate navigation for long-range surveys with specialized sensors. 

We need to look at the waste in the ocean.   The existing waste sites may need long- 

term monitoring.  There is a requirement for application of modified but current technology 

used with ROVs and existing AUVs to continue the monitoring.   We need to monitor water 

quality.   Undersea vehicles can be used for research and monitoring, and this will depend 

upon the adequacy of sensors for high quality measurements of environmentally important 

species and chemicals. 

[TRANSPARENCY 12J  Developing an understanding of the physical, biological, 

and chemical processes governing climate change or the dynamics of animal populations is a 

formidable challenge; the important scales for measurement and sampling alone extend from 

centimeters to thousands of kilometers.   Undersea vehicles can appreciably extend both the 

horizontal, vertical, and temporal ranges to meet these challenges. 
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FOCAL PROJECTS 

Focal projects below encompass vehicle technology 
development and integration that could lead to new 
applications of undersea vehicles in support of national needs: 

• DEEPEST OCEAN EXPLORATION 

• SYNOPTIC OBSERVATION SYSTEM 

•    BLUE WATER OCEANOGRAPHIC SECTIONS 
AND HYDROGRAPHIC SURVEY 

•    SUBSEA OILFIELD INSPECTION AND 
INTERVENTION 

•    SEARCH AND SURVEY 

Installation of submarine fiber-optic communication cable is nearly a $1 billion per 

year enterprise with rapid growth.   This is a major, but specialized, application for heavy 

work class ROVs.   Underwater archaeology efforts have been assisted greatly by using 

undersea vehicles.   Monitoring requirements for underwater sanctuaries places greater burden 

on NOAA to provide efficient spatial coverage as well as rapid response to serious 

perturbations to underwater habitats.  There are significant requirements for underwater 

security, monitoring and surveys, both domestic and international.    This has been a market 

niche for some of our ROV builders. 

In the industrial sector, offshore oil and gas and fisheries management offer the 

greatest opportunities for significant vehicle system advances in the near future. 

[TRANSPARENCY 14]  The committee developed several focal project scenarios 

encompassing vehicle technology development integration that could lead to new applications 

of undersea vehicles in support of national needs.  The first opportunity shown here for the 

use of deep submergence vehicles is to gain the capability to perform work and to explore 

the ocean below 6,000 meters.  This would enhance our knowledge of the sea floor plate 

tectonics and earthquake forecast indicators and determine the feasibility and locations for 

potential waste storage. 

An undersea vehicle to perform these functions would have a depth range to 11,000 

meters, a horizontal range up to 10 kilometers, a speed of two knots and a vertical transit 

time of seven hours round trip to maximum depth.  The payload should be at least 100 

kilograms.  The undersea vehicle should be supportable by an existing surface platform. 

The key development areas to achieve this project would be materials for pressure 
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This AUV would have a depth range to 1,000 meters, a range up to 1,500 kilometers, a 

speed of six to eight knots, and a mission duration of about 160 hours. 

The key technology developments required for such a capability are good positioning 

accuracy, an integrated sensor subsystem, navigation and control subsystems.   The basic 

technology and subsystems are available, but system integration is still needed. 

The fourth focal project scenario is for a subsea oil field inspection and intervention. 

The challenge is to eliminate dependence on surface support for subsea operations, 

maintenance and inspection. The vehicle would be an AUV garaged at the central platform 

and will move to a fiber-optic link permanently installed at the satellite unit where the AUV 

will receive supervisory mode instructions to do observations or intervention of the satellite 

with the operator in the control loop real-time, if the system has task-level control. 

An AUV would perform this function.   This AUV would have a depth range to 1,000 

meters or field depth of the oil fields.   It would have a range of approximately 90 kilometers, 

a speed of about six knots maximum, and a mission duration of 36 hours maximum.  The 

key developmental areas to achieve this capability are the integration of sensors, navigation 

and control systems.   The basic technology and subsystems are available. 

The fifth focal project scenario is one of search and survey.   The opportunity is to 

eliminate the cost of towed systems which require winches and cable and greatly reduce the 

time for survey—cutting the time that surface vessels need to make wide turns in the search 

pattern is an example.   Without requirement for dedicated surface support, such a vehicle 

system can provide rapid, flexible response to urgent search needs. 

The vehicle would be an AUV operating in an autonomous mode with a low 
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PLATFORM TRENDS 

DSVs have reached a mature state of development; the next 
generation will need to be smaller, less complex and 
advancement will require new materials, improved energy 
density, and pressure-tolerant electronics (to dive to the deepest 
depths). 

• ROVs will remain the workhorse vehicle for commercial 
activities; incremental improvements in most of the ROV 
subsystems can be anticipated. 

• An increasing role for AUVs is foreseen in survey, exploration, 
and environmental monitoring; AUVs wilt require the most 
significant (compared to other types of vehicles) improvements 
in subsystems. 

TECHNOLOGY PRIORITIES 

•    SENSORS 

•    CONTROL 

•    COMMUNICATIONS 

ENERGY 

•    NAVIGATION AND POSITION 

•    DATA MANAGEMENT 

with colleagues in other nations, to characterize, understand, and protect the earth and human 

environment; to develop food, fossil fuels, minerals and marine resources; to provide 

national security and law enforcement; and to obtain data indicating change or precursors to 

tectonic and oceanic change—these would be seismic, biological and physical changes that 

may affect public health and safety.   There is a need to support, observe, inspect, and 

manage work tasks in depths not practical or safe for human intervention.   This work is in 

the areas of oil and gas offshore development and production, in undersea 

telecommunications, and in fisheries management.   We should be able to enable work tasks 

with undersea vehicles to be performed at depths beyond 1,000 meters for offshore 

operations and over wide areas for fisheries operations with high reliability. 

(TRANSPARENCY 16]  Trends in platforms were examined.   For example, there is 

a need in DSVs to be smaller, less complex with new materials, and improved energy density 

sources.   ROVs will remain the workhorse vehicle, and some improvement in ROV 

subsystems can be anticipated.   An increased role for AUVs is anticipated in survey 

exploration and environmental monitoring.   AUVs will require the most technological 

advances for them to be competitive, efficient and effective. 

[TRANSPARENCY 17]  The technology priorities defined by the study group to 

make AUVs fully effective include new and improved sensors, mission and task performance 

control, navigation data management and storage, and higher energy density sources. In the 

area of sensors, there is a requirement for miniaturization, increased power available to those 

sensors and integration of sensor systems and to develop sensors for biological 

reconnaissance.   In the area of control, the need is for fault-tolerant mission logic, layered 
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FINDINGS AND CONCLUSIONS 

and llie Nalioiuil Science Foundation; (lie National Oceanic and Atmospheric Administration 

(NOAA)—llirougli the National Undersea Research Program; and the National Science 

Foundation. 

Each agency has its own priorities and missions and there is no national policy or 

plan defining the needs for information about the oceans and their resources and, therefore, 

there is a lack of direction regarding the development, availability, and use of tools for 

gathering that information and performing work.   I include vehicles in the tenn, "tools." 

Coordination of assets is of growing importance, especially in view of the reduced federal 

budget and expanding scientific frontiers. 

Much of the U.S. undersea fleet is old, built in the seventies with some upgrading 

since.   Other nations, especially Japan, have ambitious, coordinated, well-funded, strategic 

programs that have yielded state-of-the-art vehicle technology and systems for both industrial 

and scientific uses.   The United States is still dominant in autonomous underwater vehicle 

development, most of which is government funded.   Government support is fading.  There is 

some private support, hut (his support exists only in a few isolated instances. 

[TRANSPARENCY 19]   Unfortunately, the study has not completed peer review by 

the National Research Council, which is required before the findings and conclusions can be 

published as presented.   As soon as the NRC has completed its review, the study will be 

published, and the findings and conclusions will be available. 
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OUTLINE   OF   NEW   RESEARCH   PROJECT 
FOR   AN 

ULTRA   LARGE   FLOATING   PLATFORM 

Eiichi   Isobe 

Technological Research Association of Mega-Float 

Shiba, Tokyo,   Japan 

1. Preface 

Research on the Techno Super Liner 

(TSL) for six years was completed in fiscal 

1994, and it was decided to start the 

succeeding large research project for the 

"Ultra Large Floating Platform" from the 

fiscal 1995. 

In relation to starting this research, a 

report was presented by the Council of 

Transport Technology Council. In answer 

to an inquiry from the Minister of 

Transport, the Ships Department of the 

Transport Technology Council compiled 

"How to Support the Future Technical 

Development of ships", and reported on the 

selection of an important technological task 

and the method to promote it. Ultra Large 

Floating Platform was picked up as one of 

the objectives, and it is required to establish 

the technology for a large floating 
structure. 

With its small land area, utilization of 

ocean space has greatly contributed to the 

development of the Japanese economy, and 

it is expected that requests to use oceans as 

spaces for preparing distribution facilities, 

transport facilities (harbor and airport), 

urban   function   facilities,   will   increase 

further in the future. At present, the coast 

is already highly utilized, and it is 

considered necessary to penetrate further 

offshore or to sea areas with poor subsoil in 

the future. In such sea areas, construction 

with conventional reclamation techniques 

might be difficult from technical and 

economical viewpoints, and a floating 

structure might be required to supplement 

a reclamation method. Accompanying 

research into this method, it is expected 

that the range for selecting location and 

construction method for utilizing ocean 

spaces will be expanded, and contribute 

greatly to providing social capital. 

Therefore, we are considering as the 

object of research a floating structure of 

several kilometer. A conceptual drawing 

is shown in Fig.l. An Ultra Large 

Floating Platform involves specific 
technological problems due to its very large 

size, and these problems must be solved not 

only from a theoretical viewpoint, but also 

through a practical sea range 

demonstration experiment. The planned 

research involves manufacturing a large 

model for the experiment, and establish 

technology through various demonstration 



Fig. 1   The Image of an Ultra Large Floating Platform 

experiments in the field. 

The ultra large floating structure was 

once proposed as a plan for Kansai New 

Airport about 20 years ago, and many large 

floating structures have been proposed and 

studied since then, however, none has yet 

materialized. There are several reasons 

for the plan not being realized, but one 

major reason is that there are no practical 

results. From this research, a practical 

sea range experimenl will be performed 

with a large mode! as staled above. This 

experiment will be performed with the 

expectation I hat, the experimenlMJ results 

can be evaluated, even though it is a model. 

Some small Hoating structures might 

be completed only with shipbuilding 

technology, however, generally, various 

technologies are required for a large 

ocean project, and cooperation with other 

business fields is indispensable with 

technologies      such    as      wave      control 

technology, mooring technology, technology 

using new materials, technology for 

evaluating environmental effects, etc. In 

this content, it was decided to perform this 

research work with participation not only 

from ship-building industries but also from 

the steel industry. It is also being 

considered to ask for participation from 

other business fields as outside cooperation 

or joint, research. 

2. Outline of Research Plan 

(1) Outline 

Construction of Ultra Large Floating 

Structure is already being widely studied, 

and it is generally considered to raise no 

technical problems regarding construction 

itself. However, the Ultra Large Floating 

Structure is yet to be materialized in spile 

of the many proposals made so far. and no 

results have been obtained as already 

slated.    The existing  largest single  body 
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floating structure is a floating oil storage 

base 400 m in length, however, all of these 

were constructed in a dock using the 'same 

method as for ships, not a single structure 

exceeding the size of a building dock. 

Ultra large structures are larger than a 

dock, and must be assembled at sea afloat. 

Construction is considered possible, as 

assembly at sea is employed for 

modification work of ships, and various 

assembly methods have been studied 

including experiments. Even if the 

method is technically possible, however, the 

technology for large-scale assembly work 

with high quality, safety, efficiency, and 

low cost have not necessarily been 

established. 

Among problems other than 

construction method, the method of 

analyzing ultra large structures of several 

kilometers in length already been 

theoretically solved, however, the 

analytical program has yet to be perfected, 

because no such requirement actually 

existed and there were no opportunities for 

construction, and it cannot be said that the 

perfect program has already been 

developed. Moreover, although the 

technology was collected when the Kansai 

New Airport was planned as a floating 

structure, a number of years have passed 

since then, and it is considered that a 

further review by up to date technologies is 

necessary. Furthermore, because of the 

rapid improvement of computer functions 

since then, more complicates and detailed 

calculations can be easily made, at present. 

Moreover,   problems   with   floating 

structures are pointed out in comparison 

with reclamation, but sufficient 

explanations of these problems have not 

been clearly made. For example, 

countermeasures for long service life, 

countermeasures for the functions 

requested of various facilities on floating 

structures, and the effect on the 

environment will be explained. These 

problems are unavoidable for the 

materialization of an Ultra Large Floating 

Platform, therefore, studies of these 

problems were included in this research, in 

addition to design and construction 

technology. Therefore, this research not 

only handles the technology for the floating 

structure itself, but is extended to a wider 

problems related to applications. 

Riesearch will be performed on five 

practical items divided into ; 

(1) floating structure design technology 

(2) floating construction work technology 

(3) ultra long service duration technology 

(4) installed function guarantee technology 

(5) environmental impact evaluation 

technology 

It is intended to establish all of these 

technologies through demonstration 

experiment at sea employing a large 

experimental model. Table 1 outlines the 

flow of total research and the contents of 

each research item. As indicated in the 

Table, research will be performed over 

three years from fiscal 1995 to 1997, with 

one major demonstration experiment at sea 

or assembling experimental model units, 

and two on establishing various 

technologies     due     to     practical     sea 



demonstration experiments employing this 

test model.   The schedule is divided into 

fiscal years as follows: 

Fiscal 1995: 

® Perform research in preparation 

for    assembly,    and    perform    sea 

assembly experiment with four units. 

(D   Develop various programs  and 

basic research. 

Fiscal 1996: 

(D Based on the results of the first 

fiscal year, perform on the sea 

assembly experiment by adding 

further five units. 

© Verify various programs using a 

small-scale model (four units) in the 

first fiscal year and improve them as 

necessary. 

Fiscal 1997: 

® Perform various experiments with 

a large-scale model (nine units), and 

establish the technology. 

Each   research   item   is  outlined   in   the 

following. 

(2) Research on Floating Structure Design 

Technology 

In the case of an ultra large floating 

structure, environmental external forces 

due to wind, waves, tidal currents, etc., act 

unevenly depending on place and time, 

therefore, technology is needed to 

understand the exact weight distribution. 

It is also necessary to establish an 

evaluation technology for abnormal 

external forces due to hydraulic bores, seihe, 

tunami, seaquake, falling bodies, etc. 

In an ultra large floating structure, 

the ratio of the thickness (depth) of the 

structure against its size is very small in 

comparison with a conventional structure, 

therefore, elastic response analysis 

technology is indispensable for a structural 

analysis and evaluation of mooring force 

and reliability, as well as the behavior of 

the floating structure. To develop such 

ananalytical technology from 

demonstrations,    demonstration   tests on 

TABLE  1      RESEARCH ON ULTRA LARGE FLOATING PLATFORM  :0UTLINE OF TOTAL PLAN 

F.1995 F.1996 F.199T 

Various basic researches 
Development of programs 
Preparationof denonstra- 
tion testmesuring 
First assembly experiment 

Basic research(continue) 
Improvement of program by 
denondtion experinents 

Development of exp.equip. 
2nd assembly experiment 

Verification & complet- 
ion of program by demo. 
Demo.experiments at sea 
Completion of ass.tech. 
Sammarization of all 

Construction/ Assembly/ Demo.exp./Construction/ Assembly/ Serao.experiment 

100m x 20JI x 2m 
4 Units 

200m x 4011 x 2m 
100m x 20m x 

5 Units 
2m 

300m x 60m x 2a 



external force, mooring, behavior, and 

structural response will be performed at sea 

employing a small-scale experimental 

model 200m long, 40m wide and 2m deep in 

the second fiscal year, and a large-scale 

experimental model of 300m long, 60m wide 

and 2m deep in the third fiscal year. 

(3) Research on Floating Construction 

Work Technology 

Assembly work for floating structures 

at sea is necessary for constructing ultra 

large floating structures that cannot be 

accommodated in a building dock, and 

establishment of highly reliable and 

efficient working technology is required for 

assembling floating structures that move 

relative to each other due to waves. 

Technology for pulling and fixing, assembly 

at sea technology, and under-water welding 

technology will be established as working 

techniques at sea by connecting four 

floating structures of 100 m long, 20m wide, 

2m deep in the first fiscal year, and a 

further five units in the second fiscal year 

by welding at sea to develop such welding 

technologies. 

(4) Research on Ultra Long Service 

Duration Technology 

Various methods can be considered to 

keep a floating structure serviceable for so 

long period as 100 years, for example. 

Research on the application of new 

materials with corrosion resistance, and 

research on maintenance technologies for 

Ultra Large Floating Platform will be 

performed    in     this    research    project. 

Namely, new corrosion resisting materials 

will be used in areas subject to severe 

corrosion in spite of its relatively high cost, 

and other parts will be constructed of 

conventional materials and a maintenance 

system for ultra large floating structures 

will be constructed by performing sufficient 

maintenance control with a combined 

monitoring and repair system. 

In relation to new materials, an afloat 

demonstration test for application at site 

will be performed employing part of the 

experimental model, and a suitable 

technique including working method will be 

established. As for the monitoring and 

repair system, external appearance 

monitoring, electro-potential monitoring 

and welding beads monitoring systems, and 

diving support and underwater repairing 

systems applicable to ultra large structures 

will be tested for demonstration using a test 

manufactured structure, and the 

technology will be established. 

(5) Research on Installed Function 

Guarantee Technology 

It is considered that various facilities 

will be installed on the Ultra Large 

Floating Platform to be used as artificial 

ground, and they are basically required to 

demonstrate the same functions as they 

would when installed on land. Therefore, 

the floating structure needs to provide a 

stable artificial base using control 

technologies related to behavior, vibration, 

noise, etc. Therefore, several practical 

facilities will be selected as examples, 

required     functions     will     be     studied, 

A 



equipment will be developed to guarantee 

these functions, demonstration test will be 

performed with an experimental model, -and 

the system will be established. 

(6) Research on Environmental Impact 

Evaluation Technology 

The environmental impact of floating 

structures is being considered although it is 

relatively small, therefore, it is necessary to 

establish technology to grasp 

environmental impacts around the floating 

structure to verify the facts and increase 

the reliability of the floating structure. 

A program will be developed for a 

technology to predict water flow conditions 

around the large floating structure in 

relatively very shallow water, and its 

effects on the biosystem. Furthermore, to 

study the effects of large floating structure 

on the surrounding biosystem, various 

surveys and measurements will be 

performed in the sea area as well as 

research. 

3.   Research Organization 

It was decided that the research will 

be performed by an association based on the 

Law of Mining and Manufacturing 

Technological Research Association, as in 

the previous case of the Techno Super Liner. 

The inaugural meeting of the association 

was opened on March 31, 1995, and the 

association began operations under the 

name "Technological Research Association 

of Mega-Float" on April 6. 

Participating companies are thirteen 

Japanese shipbuilding companies and four 

steel manufacturing companies. The 

association consists of about 20 full-time 

staff centered on those seconded from 

participating companies. 

The research is divided by unit, and is 

commissioned as work contract, joint 

research and research consignment, to 

member companies and non-member 

companies, related organizations, research 

institutes, etc., however, the association 

will plan, design, and control each research 

in cooperation with the Technical Sub- 

committee and each special Sub-division, 

and issue various orders, or perform joint or 

consignment research task. 

4. Research and Development Budget 

As for research and development, a 

budget of 490 million yens has been made 

for fiscal 1995 from Ministry of 

Transportation through Association for 

Structural Improvement of the 

Shipbuilding Industry (ASIS). In addition 

to the government subsidiary, this research 

will be operated with a subsidiary of Japan 

Shipbuilding Industry Foundation (JSIF) 

and participating companies, and the 

budget for three years is planned to be as 

follows. 

F.1995 3-Years Total 

ASIS 490 1,500 

JSIF 980 3,000 

Particip.Co. 490 1,500 

Total 1,960 6,000 

Note:l Unit is Million yens. 

2  Budget in   1996  & 7  is not 

decided yet. 
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Besides the above, the levy on 

operating costs to the association's member 

companies is expected to be 1.5 billion-yens 

for three years, and the total budget will be 

7.5 billion yens. 

5. Future Development 

This research project is allocated a 

large subsidy, however, other funds will be 

supplied from private companies' operating 

resources    under    the    current    severe 

conditions   of  recession   and   high   yen. 

Expectations for future development are 

large, and this research will not be an end 

in itself.   All the participants recognize the 

importance    of   linking    research    with 

business.   Considering that such an Ultra 

Large   Floating   Platform   might  perform 

some role in future ship building and steel 

manufacturing   industries,   this   research 

project   might   show   the   future,   of   the 

industry.     When  considering  this  point, 

this association has a large responsibility, 

and we, as full-time staff of the association, 

will try to obtain results that are linked to 

business.     However,   the  association  has 

only limited resources, and it is essential to 

have guidance and assistance from related 

groups including governmental, 

educational and industrial organizations, 

and    other    organizations.        From    the 

viewpoint that this research can only obtain 

full results with the cooperation of related 

parties,  it is  important to  get as  much 

cooperation as possible, and we are hoping 

to   obtain   a   good   results   through   such 

cooperation. 

This research will be completed in 

three years, however, the experimental 

model will still be sufficiently stable as a 

floating structure at that point, and is 

considered to be serviceable for some other 

purpose. Although the purpose has not yet 

been decided yet, this experimental model 

shall be expected to be reused in the future. 

A method of effectively using the 

experimental structure will be considered 

from now on, and we are expecting to offer 

the experimental model for some significant 

use as a model for the industrialization of a 

large floating structure. 
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1. INTRODUCTION 
In order to make an floating airport 

feasible, it is necessary to establish an analytical 
method to predict dynamics of a flexible 
structure. It is important to predict accurately 
the displacement of a location of navigation 
facilities, because the displacement should be 
kept within the criteria to guarantee the aviation 
safety. Moreover the prediction of bending 
moments on a structure affects the safety of 
fatigue strength of a structure. So far, the 
practical and reliable prediction method for 
dynamics of a rigid floating structure in waves 
has been established even for 3D and time 
domain case in multi-directional waves. In this 
case linearity and potential theory plays 
dominant role, while the size of a floating 
structure is the same as an oil rig or oil 
production platform, length and breadth are less 
than 100m * 100m, or an oil storage tank, that 
is, 300m x 100m. 

On the other hand, the size of a floating 
airport may be, for instance, 5000m * 1000m, 
far beyond the size of a conventional floating 
structure. The rigidity of this kind of a huge 
floating structure must be relatively very elastic 
and flexible. Then we should investigate 
whether the existent linear hydroelastic theory 
can be applicable to the prediction of dynamics 
of a huge floating structure. Tlie authors 
validate the theory by comparing the 
corresponding experiments. 

2. ANALYTICAL METHODS 
We assume amplitudes of motion of an 

elastic floating structure and surface waves are 
infinitesimal, that is  to say,  the linearity of 

dynamics of a huge floating structure is held. 
The analytical methods developed so far are 
listed in Table 1. The authors adopt the modal 
analysis. 

Since the Mega Float Association began 
to develop, as the national project in Japan, the 
prototype model of a floating airport which 
consists of mat like models with shallow draft, 
the authors assume the shallow draft and deep 
water without loss of generosity. The 
coordinate system is shown in Fig. 1. 

Introducing fundamental mode shapes, 
the displacement vector u(x,y,z) can be 
represented as 

u(x, y, z; t) = 2   PrO) • ui(x> y>z) 
r-i (1) 

where P^t) is the principal coordinate of r-th 

mode and u/x,y,z) is the mode shape of r-th 

mode.   The bending moment is written as 

00 

M(x,y,z;t)=2   P^-M^.y.z) 
r=7 (2) 

where M   is the characteristic function of r-th 

mode shape. Since r = 1 - 6 correspond to rigid 
body modes, the bending moment is affected 
only by flexible modes (r^7). 

The velocity potential is expressed as 

O = <I>0 + <I>D + 2   ^r 
r = l (3) 



where <[>0 and <I>D are incident and diffraction 

potentials respectively, and Or  is the radiation 

potential of r-th flexible mode. 

In regular waves, 

0 = 
icot 

(4) ^O + ^D + 2 P^r 

where 9t = ^t- pr(t). and PrCO = Pr' 
elC,)t. 

Let the r-th mode hydrodynamic forces 
be Zf 

Zr = - 11   nTurPdS 
JJS (5) 

where S stands for the wetted surface, n is 
the transposed matrix of the directional cosine 
and P is the hydrodynamic pressure derived by 
the linear Bernoulli equation and <&• 

The components of the hydrodynamic 
force is written as 

Zr(t) = Fr(t)+Hr(t)+Rr(t)+Rr (6) 

where, Fr,Hr,Rr and Rr represent wave 

exciting force, radiation force, restoring force 

and hydrostatic force of the r-th mode, 

respectively. These component hydrodynamic 

forces are expressed as follows; 

Fr(t)=ia)pjj   nT-ur((|,o + ())D)dS.e,a)t 

(7) 

Hr(t) = 2   pk((o2AIk-ia)Blk)e
i(1,t 

k = l 

Q) 

JJ^.u, i a) (|>k dS 

Bfc = — Im I ( I   nT • ur • i a) <j>k dS 
'S 

m 

(8) 

(9) 

(10) 

icot 
Rr(t)=-2   PkCfce' 

k.l (11) 

C±=-pgjj nT.urWrdS 

^Pg//s 

(12) 

R, = ogl I   n    UrZdS 
Is (13) 

where A^ and B^ are added mass and wave 

making resistance, respectively. Finally the 
equation of the principal coordinate can be 
written as, 

([m]+[A]){p(t)} + ([b]+[B]){p(t)} 

+ ([c] + [C]KP(t)}={F}ei0)t    (14) 

Equations (7) - (13) and (14) give the solution 
of the principal coordinates which cooperate the 
dry mode u  and give the displacements at any 

location on a huge flexible floating structure. 
The same procedure can be applied to the 
derivation bending moments at any section. 

3. MODEL EXPERIMENTS 
The model consists of 16 square shape 

floaters which are connected by an aluminum 
backbom plate. The total length L is 4m and the 
breadth B is 1m and the draft d is 0.037m. The 
scale is considered as 1/500 which means that 
the size of the corresponding full scale structure 
is 2km xSOOmx 18.5m. The experiment was 
carried out in the square type model basin of the 
University of Tokyo. The model was moored 
by a linear spring at the four corners. The 
rigidity   El   of  the   aluminum   backbom   is 

EI=5.18xlO kgf-cm which is one order 
higher than that of a floating type Kansai 
airport. Figure 2 shows the plan view of the 
large elastic model. 

The displacement of specified points on 
a structure can be measured by a so called X-Y 
tracker which is a kind of optical target tracking 
system. Each eight targets are placed on both 
port and starboard sides of a floating structure 
which are taken by a video camera. A target 
point in a video image is processed through 
binary decomposition and each target is 
identified on its position. This image processing 
system can handle 128 targets as maximum 
simultaneously. The image processing system 
of the optical target tracking system is shown in 
Fig.3. In order to measure bending moment, 
eighteen strain gauge are put on the aluminum 
backbom with adhesive material as shown in 
Fig.2. 



4. RESULTS AND DISCUSSIONS 
The comparison between the 

experimental and the corresponding calculated 
results in one directional regular head waves are 
shown in Fig.4~Fig.7. In these figures, the 
ordinate represents the displacement or the 
bending moment respectively, the abscissa 
means the inverse of the incident wave length 
which corresponds to square of wave 
frequency, and the position stands for the 
distance from the bow. Figure 8 shows the 
longitudinal flexible deformation of the model in 
head regular waves at a certain instant. The 
wave length X varies X«=0.25L, 0.5L and 1.0L 
in the top, middle and bottom figures 
respectively. Figure 9 and 10 represent vertical 
displacement at position x=0.025L and 0.975L, 
respectively, in two directional waves. The 
wave height used in the above mentioned 
experiments in both one and two direction 
waves is 3cm which corresponds to 15m in full 
scale. 

From these figures, the authors confirm 
that the linear modal analysis method can predict 
displacement and wave load on a moored 
flexible floating structure in the practical manner 
even in two directional waves because the 
agreement between experiment and calculation 
is fairly good. 

Using this practical theory, the effects of 
rigidity of a flexible very large floating structure 
on deformations and wave loads are 
investigated. The rigidity varies from 1/1, 1/10 
and 1/100 times of that of the original model 
which correspond to EI-A, EI-B and EI-C, 
respectively. Since the wave length of the 
incident waves used in the model experiment is 
rather longer than that of the full scale, the wave 
length in this numerical investigation is reduced 
into the reasonable order which corresponds to 
I7X=3-30. 

Tlie vertical displacement at the bow 
position of the structure in head waves is shown 
in Fig.ll. In the range of 17 X<15 which 
means wave length X>130m or wave period 
T>9sec, the vertical displacement at bow 
position in head waves gets larger as the rigidity 
of the structure is reduced to more flexible. On 
the contrary, the vertical longitudinal bending 
moment at the midsection gets smaller as the 
rigidity is reduced to more flexible as shown in 

Fig.12. The longitudinal vertical deformation of 
the structure at each incident wave length X is 
shown in Fig.13 at a certain instant. The wave 
length of incident waves varies from 
X/L=0.2(X=400m, T=16sec), 0.125(X=250m, 
T=12sec), 0.1(X=200m, T=llsec) and 0.038 
(X=76m, T= 7sec). From this figure, we can 
see that the maximum value of vertical 
displacement occurs at the bow position, and 
that this maximum value gets higher as the 
rigidity is reduced to more flexible. We can also 
notice that the vertical displacement becomes 
larger only at both ends of the structure. 

5. CONCLUSION 

1) The modal analysis method which is based 
on linear potential theory and shallow draft 
assumption is useful to predict behavior of a 
pontoon type huge flexible floating structure in 
two directional waves. 
2) With regard to the effect of rigidity of a huge 
flexible floating structure, the vertical 
displacement at the bow position of a structure 
in head waves gets larger as the rigidity is 
reduced to more flexible, while the vertical 
bending moment at the midsection gets smaller. 
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Table 1. Analysis methods for dynamics of elastic floating structures in waves 

^\^ 
1-D BEAM 
MODEL 

2-D BEAM 
MODEL 

2-D PLATE 
MODEL 

3-D STRUCTURE 
MODEL 

2-D HYDRO. 
FORCE 

STRIP 
METHOD 

Okamoto et al. 
[19821(MA) 

Floating Blidge 
[1981](MA) 

Yoshida etal. (1974) 
(1975) (MA) 

Endo et al. 
[1986] (MA) 

Cheetal.[1992] 
(MA) 

Cheetal.[1994] 
(MA) 

Yoshida et al. 
[1978](IF) 

2.5-D HYDRO. 
FORCE 

SI FNDER BODY, 
SHALLOW DRAFT 
THEORY 

Masuda et al. 
[1984](MA) 

Masuda et al. 
[19851(MA) 

Ikoma et al. 
[1995](MA) 

PRESENT PAPER 
[1995] (MA) 

3-D HYDRO. 
FORCE 

3DSDM 

Endo[1984] (MA) 

Takaki et al. 
[1994] (IF) 

Kagemoto et al. 
[1994] (IF) 

Yoshida et al. 
[1989] (FEM) 

Hamamoto et al. 
[1994] (IF) 

Mamidipudi et al. 
[1994] (IF) 

Wuetal.[1993](MA) 
Hirayama et al. 

[1994KMA) 
Ertekin et al. 

[1993] (MA) 

(MA): Modal Analysis, (IF): Influence Function Method, (FEM): FEM Appli. Program 
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T^1- 

Fig.l Coordinate system 
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ABSTRACT 

Floating bridge is advantageous at the location of deep water 
and/or thick soft ground, and against earthquake, but also is 
economical due to short execution. There are several completion in 
Turkey, United State and Norway, but, no in Japan. Only temporary 
road, port facilities such as ferry terminals, piers of fishery 
ports, floating structures are used similarly as road bridges. 
However, the floating bridge is attracted considerable attention, 
because such as offshore manmade island is going to constructed at 
rather deep sea and/or the thick soft ground. 

This paper describes the floating bridges which are formerly 
constructed and are going to be prospected. In special, the favora- 
ble natural conditions for floating bridges are summarized and some 
case study results are presented. 

Key Word:Floating Structures Floating Bridge, Floating Road, 
Manmade Island, Access 

1.Introduction 

Recently in Japan, offshore 
manmade island is constructed in 
coastal zone of Japan. For 
instance, manmade island con- 
structed for the Kansai Inter- 
national Airport is located 5km 
off the coast line. The struc- 
tural types of the traffic 
access ways connecting the 
manmade island and the main 
land are mostly bridges and 
tunnels. The type of access way 
is determined considering those 
conditions such as water depth, 
length of access way,  natural 

conditions and the size of.ships 
navigate over the access way. 
For instance, the access way 
crosses the channel for large 
ocean going ships, due to the 
under clearance bridge size 
becomes large. On the other 
hand, increase of water depth at 
the construction site makes the 
bridge foundation large and the 
cost expensive. The location of 
those manmade island is going to 
deep water where the soil condi- 
tion is rather soft. 



Table 1 Particulars of Existing Floating Bridges 

Murro» 
Memorial 
Bridge 

Evergreen 
Point 
Bridge 

Hood Canal 
Bridge 

Third Lake 
Washington 

Bridge 

Lacey V. 
Murroi 
Bridge 

Old Galata 
Bridge 

Bergsoysund 
Bridge 

Sulhus 
Bridge 

Coipletion 1940 1963 1961 1989 1993 1912 1993 1994 

Length(•) 2.018 2.310 1.988 1.771 2.013 457 645 1.246 

fidthd) 18(4 lane) 18(4 lane) 9(2 lane) 32(5 lane) 17(4 lane) 25(4 lane) 11.7(2 lane) 15.9(2 lane) 

Height(•) 4.4 4.5 4.4 4.9 5.3 3.9 15.1 16.6 

Water Depth 
(•) 

65 61 104 65 65 41 320 500 

Tidal Level 
(•) 

+0.3 0.9 +0.3 0.9 + 3.7---1.4 +0.3 0.9 +0.3—0.9 +0.5 0.14 + 2.0-—2.0 + 1.5 1.5 

Current 0 0 3.0 kn 0 0 0.6 1.31(./s) 1.31(i/s) 

lave Height 2.4 I 2.7 i 3.4 • 2.4 • 2.4 • - 1.4 • 1.69 • 

Wind Speed 28 t/s 38 i/s 37 i/s 28 a/s 28 a/s - 37.54 i/s 27.1 u/s 

Pontoon 
Sized) 
(LXBXD) 

107X18X4.4 110X18X4.5 110X15X4.4 108X23X4.5 110X18.3 
X5.1 

38.7X8.2 
X2.9 

34X26X6 42X20.5 
X4.3-5.6 

Nnber of 
Pontoon 

25 33 23 18 20 50 7 10 

Pontoon 
Structure 

Reinforced 
Concrete 

Prestressed 
Concrete 

Prestressed 
Concrete 

Prestressd 
Concrete 

Prestressed 
Concrete 

Steel Light Weight 
Concrete 

Light Weight 
Concrete 

Super- 
Structure 

Seinforeed 
Concrete 

Prestressed 
Concrete 

Prestressed 
Concrete 

Prestressed 
Concrete 

Prestressed 
Concrete 

Steel Steel Steel 

Photo 1 Bergsoysund Floating Bridge 



Table 2  Particulars of Similar Facility of Floating Bridge 

Port Haneda Nagoya 
Fishery Port 

Nukumo Ohshima 
Fishery Port 

Shiogana Ohbatake 
Fishery Port 

Location Tokyo Saga. Yamaguchi Miyagi Okayama 

Type Floating 
Pier 

Floating 
Pier 

Floating 
Pier 

Floating 
Pier 

Floating 
Pier(Jetty) 

Material Steel PC+Steel PC+Steel PC+Steel PC+Steel 

Size(LxBxD m) 22X8X1.25 110X15X3 36.5X6X2 2 51.5X9X2.5 20X3X2 

Number 25 1 28X6X2 1 4 2 

Wave Height in 0.5 (Operation) 
1.0 (Storm) 

0.8 (Operation) 
1.4 (Storm) 

0.5 0.74 0.5 

Current Speed tn/s 0.0 0.0 0.0 0.2 0.0 

Wind Speed m/s 15(operation) 33.0 25.0 23.2 30.0 

Tide H.W.Lin 
L.W.L m 

+2.1 
±0.0 

+2.7 
±0.0 

+3.09 
+0.51 

+1.77 
+0.5 

+2.95 
+0.54 

Water Depth m -4 19.5 -3 13 -1.5 2.5 -4.5 5.0 -5.0 

Nature of 
Seabed Soil 

Cray. Silt 
Soft Ground 

Alluvial 
Sand 

Soft Bock Silt. Gravel Sand 

Floating bridge is one of 
the effective alternative solu- 
tion in such condition as deep 
water and/or thick soft ground. 
Floating bridge may avoid damage 
from earthquake. It is economi- 
cal due to short execution. The 
floating bridge is already 
utilized for road bridges in the 
United State of America, Turkey 
and Norway. As for those in- 
stances outside Japan, the sea 
conditions are rather calm and 
tide is not significant, because 
they are constructed in lakes or 
fjord. However in Japan, the 
effect of typhoon is so serious 
that wave action is severe, and 
in some cases tide difference 
becomes critical condition for 
design of floating bridge. 

This paper is the summery 
of some case studies have been 
down in Japan on the floating 
bridge and the description on 
the concept of floating bridge 
and study points of it. 

2.Former Completion of Floating 
Bridges in the World 

Several floating bridges 
are exsisting in the world. They 
are the Second Lake Washington 
Bridge which is so called Ever- 
green Point Floating Bridge, the 
Third Lake Washington Bridge, 
the Lacey V. Murrow Bridge, the 
Hood Canal Floating Bridge and 
Old Galata Bridge. There used be 
the First Lake Washington Bridge 
which is so called Murrow Memo- 
rial Bridge, however, 8 pontoons 
of this flooting bridge sank 
due to water flooding into the 
pontoon during renovation. 
Recently, two floating bridge 
constructed in Norway, they are 
Begsoysund Bridge and Sulfus 
Bridge. All the floating bridges 
constructed in the United State 
are continous concrete pontoon 
type, while those in Norway are 
the separate concrete pntoon 
type. Table 1 is some particu- 
lars of those floating bridges. 
And Photo 1 shows the Bergsoy- 
sund Floating Bridge. 



3.Construction of Floating 
Bridge in Japan 

There is no construction of 
floating bridge in Japan  as 
like as foreign countries above 
mentioned, but for only tempo- 
rary road, port facilities such 
as ferry terminals, piers of 
fishery ports, floating struc- 
tures are used similarly as road 
bridges. Table 2 is the particu- 
lars of those facilities. 

3.1 Temporary Floating Road for 
Reclamation of Haneda Extension 

Temporary floating road was 
used for truck transportation of 
sand filling for reclamation of 
the Haneda Extension. This 
floating road was consisted of 
twenty five barges of 22m in 
length, 8m in width and 1.5m in 
height, which were laid as those 
transversal axis to be the road 
axis and connected with steel 
girders.  The length of the 
floating road is 184m, road 
width for damp trucks driving is 
8m and the width for sand dump- 
ing area is 11m. Figure 1 and 
Photo 2 shows general view of 
the temporary floating road. The 
water depth is 4m and the float- 
ing body is moored by wire ropes 
and anchors at three points for 
each side. Maximum number of 
trucks driving is eight at the 
speed of lOkm/h. 

3.2 Large Size Floating Pier for 
Ferry Terminal 

Recently, large size float- 
ing pier for passenger ships and 
ferries was constructed in the 
Ujina Port Hiroshima prefecture. 
This pier is the structure of 
prestressed concrete. Photo 3 
shows the general plan. The pier 
is 150m in length, 30m in width 
and moored at both ends to two 
dolphins by means of rubber 
fenders. The water depth is 8m, 
and the maximum tide is about 
5m. The design wind speed is 

42.0m/s for 100 year recurrence 
with consideration of the life 
time as 50 years and the en- 
counter probability as 0.6. The 
wave height  and period are 
calculated as 1.11m and 4.1s by 
means of wave forecasting and 
hindcasting. Motions and mooring 
forces of the floating pier 
subjected to design waves and 
wind are calculated by means of 
numerical simulation. 

Another floating pier is 
now under construction in the 
same port. The size of the 
floating pier is 140m in length, 
and 30m in width. This floating 
pier is the construction of the 
steel and reinforced concrete 
hybrid structure and moored to 
dolphins as same as the previous 
one. The water depth is 4m. The 
design wind speed is 41.0m/s for 
100 year recurrence with consid- 
eration of the .life time as 30 
years and encounter probability 
as 0.6. The wave height and 
period are calculated as 2.21m 
and 3.9s by means of wave fore- 
casting and hindcasting. Motions 
and mooring forces of the float- 
ing pier subjected to design 
waves and wind are calculated by 
means of numerical simulation. 

3.3 Floating Piers at Fishery 
Ports 
There are many floating 

piers used at fishery ports. 
Among them, the floating pier 
which is going to be 
constructed at Nagoya fishery 
port in Saga prefecture 
consists of two unit pontoons of 
55m in length and 15m in width 
and the other two pontoons 27m 
and 17m in length respectively. 
The width of the pontoon is 15m 
which are used for apron of 6m, 
and road of 7m and pedestrian 
path of 2m. Those pontoons are 
moored to steel piles pene- 
trating mooring holes on the 
pontoon. Figure 2 shows the 
general view of the floating 
pier. 



Figure 1 General View of the Temporary Floating Road 

Photo 2 View of the Temporary Floating Road 

Photo 3 Floating Pier at the Ujina Port Hiroshima 
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Figure 2 General View of Floating Pier at Nagoya Fishery Port 

Photo 4 Floating Bridge in Golf Course 

Similar floating piers in 
fishery ports are installed in 
such as Nukumo-Oshima Port, the 
Shiogama Port and the Ohbatake 
Port. Their size are 36.5m in 
length and 6m in width, 51.5m in 
length and 9m in width, and 20m 
in length and 3m in width, 
respectively. 

3.4 Floating Bridge in Golf 
Course 
A floating bridge was 

constructed in the Takahiko 
Three Golf Course. This bridge 
is a structure of prestressed 

concrete of 57m in length and 4m 
in width. Photo 4 shows the 
general view of the bridge. The 
bridge consists of six rectan- 
gular pontoons reinforced by 
FRP(fiber reinforce plastic) and 
wooden plate. Six precast pre- 
stressed concrete units are 
tied by tendons. The size of 
those pontoon are 7.66m in 
length, 3.0m in width and 1.0 in 
height. The pontoon is bottom 
less and filled with styrofoam. 
Wooden plate is laid on five 
square steel pipes laid on the 
pontoons. 



4. Concept of Floating Bridges 

4.1 Ohmura-bay Concept 

Ohmura-bay is located in 
the center of Nagasaki prefec- 
ture, of which size is 15km in • 
east and west, and 25km in north 
and south. The shape of the bay 
is almost oval. The water depth 
is more than 30m at the mouth 
and 54m at the deepest, while it 
is about 20m inside bay. The 
Nagasaki Airport which is the 
first genuine marine airport is 
located in the bay. The Nagasaki 
Airport is connected to Shanghai 
and Pusan for international, and 
Tokyo, Osaka, Miyazaki, Kagoshi- 
ma, Okinawa and so on for domes- 
tic.  For convenience in connec- 
tions Nagasaki city, it is ex- 
pected to construct a new bridge 
crossing the bay. Structural 
configuration examined includes 
floating type. Figure 3 is the 
one solution. 

4.2 Maeshima Concept 

In the Port of Osaka, the 
firtst Japanese floating bridge 
is now under planning and going 
to be constructed in this fiscal 
year. The location is the part 
of north region of the port, 
between Maeshima Island and 
Yumeshima Island. Both islands 
are newly reclaimed. The Maeshi- 
ma Island is promissed to be the 
sport area, while the Yumeshima 
Island is to be the world trade 
center and integrated residence 
area. The channel beteen two 
island is about 430m. The access 
way crossing this channel is a 
six lane bridge of which main 
part is floating bridge. As this 
floating bridge is to cross the 
channel, the floating part often 
move so that ships can navigate. 
Because of short crossing, this 
type of bridge would be most 
suitable solution compared to 
the other type of such as sub- 
merged tunnel or fixed type 
bridge.   Figure 4 shows  the 

artist impression of the Maeshi- 
ma Floating Bridge. 

4.2 Osaka Bay Space Concept 

According to the study of 
the kansai District Committee of 
the Society of Steel Construc- 
tion of Japan, the concept of 
twin foci of the bay was born 
for the activation of Osaka Bay 
Space. The manmade twin foci 
consist of Focus A(Figure 5) and 
Focus B(Figure 6). Comparative 
study is also conducted among 
bridges with submerged floating 
foundations, submerged tunnels 
and embedded tunnels with regard 
to those route such as the 
routes between Osaka South Port 
and Focus A, the route between 
Focus A and Focus B,  and the 
route between Focus B and Awaji 
Island. As for the route between 
Osaka South Port and Focus A, a 
bridge with submerged floating 
foundation is favorable. And as 
for the route between Focus B 
and Awaji, some types of float- 
ing bridge are examined such as 
pontoon type, semi-submersible 
type either separate or continu- 
ous types. Moorings of dolphin- 
links, anchor-cable and tension- 
leg are examined. Plan of unit 
floating bridge looks x shaped. 
Bridge would be a truss struc- 
ture. Submerged tunnel is favor- 
able for the route between Focus 
A and Focus B, which is advanta- 
geous due to reduction of wave 
forces and wind forces than 
those over sea level. 

5. Typical Features of Floating 
Bridges 

5.1 Favorable Environmental 
Conditions for Floating Bridges 

Reviewing the existing 
floating bridges, typical envi- 
ronmental conditions suitable to 
the application of floating 
bridges is indicated. The basic 
environmental conditions for 
this purpose are such that 
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Figure 3 Side View of Floating Structures Concept in Ohmura Bay 
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Figure 4 Artist Impression of the Maeshima Floating Bridge 

8 



Figure 5 Bird's Eye View Focus A 

Figure 6 Bird's Eye View of Focus B 



Table 3 Applicable Range of Environmental Conditions 

Current less than 0. 5~1.0 z/s 

Wave Oh/i) less thaa 1.0~1. 5 • (operation) 
less than 2.0~-4.0 n (storm) 

Water Depth Larger than 5~10 • (soft ground) 
Larger than Z0~30 n (nediun to hard ground) 

Seabed Siol Applicable to various soils 

Wind Less than 10~15 H/S (operation) 
Less than 40~50 n/s (storm) 

Figure 7 Potentially Suitable to Installation of Floating Bridge 

waters are sheltered from high 
waves with long period and tide 
range is relatively small. Table 
3 summarizes the applicable 
range of environmental condi- 
tions. 

5. 

es 
1) 

However, those conditions 
below must be avoided for float- 
ing bridges. 2) 
1) Basin where the severe affect of 

typhoon anticipated 3) 
2) Basin where tsunami anticipated 

4) 

2 Advantages of Floating 
Bridges 

In general, floating bridg- 
have following advantages. 
Economical solution at deep 
water site and/or thick soft 
seabed  with deep  bearing 
stratum 
Economical solution in highly 
seismic areas 
Short construction time and 
minimization of work at 
installation 
Mobility from place to place 
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5) Constant free board 
6) Harmonize with circumstance 

landscape 
7) Minor impact to environments 

during construction 

5.3 Suitable Areas for Construe-: 
tion of Floating Bridges in 
Japan 

Based on the survey de- 
scribed in the foregoing sec- 
tion, from the view point of 
environments, suitable water 
areas are selected. Water areas 
shaded in Figure 7 are poten- 
tially suitable to the installa- 
tion of floating bridges, and in 
fact existing floating piers. 

6. Case Study 

6.1 Conditions of Case Study 
In this section, case study 

is held for three cases below by 
means of survey. Followings are 
the conditions of each case. 
Where, wind speed is 55m/s, 
current speed is 0.5kt and wave 
height is in the range from 1.0 
to 4m with period of 6 to 10s. 
Table 4 is the conditions of 
case study. 

6.2 Comparison with the other 
structural types 

1) Evaluation from the technical 
point 

Table 4 is the comparison 
of floating bridges with the 
other types of structures. It 
would be remarked as follows. 

Case A:As deep water and long 
extension, other struc- 
tural types are not 
favorable. Floating 
bridge is advantageous 
from technical point. 

Case B:Depend on the soil 
conditions and ships 
crossing under bridges, 
floating bridges might 
be advantageous. 

Case C:Bridge is advantageous, 
however, floating 
bridges would be 
advantageous with the 
additional amenity 
function easy access to 
waters. 

2) Evaluation from the 
cal point 

economi- 

Figure 8 is the comparison 
of rough estimated cost. This is 
not based the actual conditions, 
therefore the estimated costs 
might have large variation, 
however, one can obtain roughly 
the feasibility of floating 
bridges for each case. 

Case A:Floating bridge is feasi 
ble.  No other alterna- 
tives . 

Case B:Floating bridge is the 
most economical 
solution. 

Case C:Bridge is advantageous, 
however, floating bridges 
would be advantageous 
with the additional 
amenity function easy 
access to waters. 

In this figure, cost for 
floating bridge taken as 1.0, 
and those of others are taken 
as the ratio against the cost of 
floating bridge. One can easily 
understand that a floating bride 
may be economically feasible 
when water depth is more than 
15m. 

3) Application of floating 
bridges 

Table 6 shows the applica- 
bility of floating bridges, 
those are access ways to manmade 
island both outside and inside 
bay, trance bay bridges, access 
ways to marinas and/or resort 
facilities, piers for car traff- 
ics, pedestrians and belt con- 
veyor system for bulk cargo, and 
temporary road for construction. 
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Table 4 The conditions of case study 

Boad Floating Bridge Bridge 
Mooring Depth Wa^^ Lane Deck Struc. Width Height Length Total. Length Lenght Type 

Case A 4 direct PC 20m     10 m     500 m 
lOOmxS 

4 blocks 
2000m 

200m(-30m) 
250m(-10m) 

girder chain 600m 
anchor 800tf 

-140m H,',=2. 5m 
T=6.0s 

Case B 4 upper PC 
500 m 

20m       8 m   100mX5 
6 blocks 

3000m 
150m(-lOm) 
150m(0m) 
soft seabed lOm 

girder 
chain lOOo 
anchor 200tf -16m 

H*'^. 5B 
T=6. 0s 

Case C 4 direct PC 
100 m 

20m     10 m   100mx3 
3 blocks 

300m 
100m(-10m) 
200m(0m) 
soft seabed 10m 

chain 
girder 

100m 
anchor 200tf -13m 

H'/M.Om 
T=10.0s 

Table 5 Comparison Floating Bridge with the 
Other Types of Structures 

C A S E    A 

Floating Bridge Applicable at deep water 
Long  length  is available 

Bridge At deep water,   span becomes 
about  2000 m  less economical 

Submerged Tunnel At deep water.   Technically 
difficult 

CASE    B 

Floating Bridge Applicable at  soft  ground 
Long  length  is available 

Bridge 
Feasible when no  large ship 
navigation and good soil 
conditon 

Submerged Tunnel No merit when no  large ship 
navigation because of  length 

CASE    C 

Floating Bridge Disadvantage because short 
length  and  ship navigation 

Bridge Advantage because short  length 
when good soil  condition 

Submerged Tunnel Dsiadvantage when no large 
ship navigation 
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Figure 8 Comparison of Rough Estimated Cost 

Table 6 Applicability of Floating Bridges 

Conditions 

Example 

Size Seabed Condition Wind Wave 
Evaluation 

Length Width Water Depth Soil Storm Operation Storm Operation 

Access to Island 
(Outside Bay) 

Stan 4 lanes 20 n sand 55 m/s 15 m/s Hi/i=4 m 
T=14 s 

Hi/,=2 m 
T=14 s 

ffl 

Access to Island 
(Inside Bay) 

3 km 4 lanes 20 m soft 55m/s 15 m/s Hi/,=2.5m 
T=8 s 

H,/,=l m 
T=8 s 

n 

Transbay Boad 
(Inside Bay) 

3 km 4 lanes 20 m soft 55 m/s 15 m/s H,/i=2. 5m 
T=8 s 

Hi/»=1 m 
T=8 s 

n 

Junction to 
Marina or Resort 

3km 2 lanes 20 m soft 35 m/s 15 m/s H,/, = l m 
T=6 s 

H,/»=0.5m 
T=6 s 

Inter Wharf Road 
(For Cars) 

300 m 2 lanes 10 o soft 35 m/s 15 m/s fl./, = l m 
T=6 s 

H,/i=0.5m 
T=6 s 

Inter Wharf Road 
(For Pedestrian) 

300 m 4 B 10 m soft 35 m/s 15 m/s Hi/i=l m 
T=6 s 

Hi/»=0.5m 
T=6 s 

Inter Wharf Bridge 
(Conveyor) 

300 m 2 a 10 B soft 35 m/s 15 n/s Hj/^l m 
T=6 s 

Hi/i=0.5m 
T=6 s 

Temporary Road 
(Execution) 

300 m 2 lanes 10 D soft 35 m/s 15 n/s H,/»=l m 
T=6 s 

Hi/i=0.5m 
T=6 s 

I:Technically no problem n feasible by the conditions EhTechnically difficult 
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6. Study Points on Floating 
Bridges in Japan 

There are several study 
points for promoting the float- 
ing bridges in Japan. 
1) Waves: Study on response to . 

waves induced by 
typhoons and winter 
seasonal wind.It would 
be expected to make 
clear the wave condi- 
tions when floating 
bridges are feasible. 

2) Wind : Study on response to 
wind by typhoons and 
winter seasonal wind. 

3) Earthquake: In spite of 
floating structure, 
earthquake response 
must be examined for 
mooring dolphins and 
the joint of floating 
bridge and the land. 

4) Strength of Joint: As for 
long extension float- 
ing bridges the whole 
bridge is constructed 
so as to joint units. 

Those study on the 
method of  joint  and 
the strength of the 
joint must be down. 

References 
l.Yoshimoto Y., et al: Develop- 
ment of Floating Bridge; Proc. 
of Civil Engineers in the 
Ocean, Vol.6 1990( In Japa- 
nese) 

2.Masui, N.:The Design Concept 
on Floating Road in Japan 

3.Tezuka M., et al: Design and 
Construction of Precast Pres- 
tresed   Concrete   Floating 
Bridge Reinforced by Only FRP 

4.Toyo Construction: Reclamation 
Using Floating Pier; Company 
Leaflet(In Japanese) 

S.Gotoh K., et al:Consideration 
on Ohmura Bay Bridge from 
Engineering Point of View. 

6.Society of Steel Construction 
of Japan: For rich Coastal and 
Offshore Space, Report of 
Committee on Activation of 
Osaka Bay Area, 1991(In Japa- 
nese ). 

14 



Introduction to the Design Approach Utilized in Basic Compliant 
Piled Tower Design and Water Tank Test with 1/50 Scale Model 

S. Masuda, T. Tsujioka, Y. Tsunasawa : NKK Corporation 
M. Ohashi: Japan National Oil Corporation 

ABSTRACT 

The basic design results of Compliant 
Piled Tower (CPT) with a 17,000 tonne 
topside for a water depth of 350m. is 
presented. The design utilizes 2 types 
(simplified and detailed) of analytical model. 
The random sea wave response analysis is 
performed by simplified 3D model to 
capture extreme events. 

Snapshot analysis is done by detailed 3D 
model for critical instances determined in 
the random sea wave analysis to check 
member and joint strength. Deterministic 
fatigue analysis is done using steady state 
wave response analysis. Preliminary 
earthquake analysis is performed with a 
simplified model by the response spectrum 
method for API RP 2 A Zone 4. and is 
compared with the random sea analysis 
results. Installation is also studied for a 
practical installation scenario, in which a 
tower strength check is also done. 
The design flow and the results are 
summarized in this paper. 

A water tank experiment is done with 
relatively large scale ( *? 1/50) model of the 
designed comphant piled tower to confirm 
the design procedure. 

INTRODUCTION 

A   CPT   is   an   alternative   structure 

suitable for deep water development. As 
dynamic de-amplification effect is achieved 
by balancing applied load and structural 
inertia load, it is difficult to achieve a 
design load corresponding to the designated 
values and establish a practical design 
procedure. There are only a few papers on 
these matters discussing extreme value 
estimation and design load for code check of 
each member/joint This paper shows a 
practical design approach considering a 
hypothetical installation site of South East 
Asia in 350m. of water utilizing a 
snapshot approach to the design wave 
windows derived from the extreme values of 
tower responses. 

BASIC DESIGN 

Design Criteria 
Design criteria are developed for a 

comphant tower design in 350m. of water 
and a heavy topside. Details are shown in 
Fig.    1. 

Design Flow 
Fig. 2 shows overall design flow. 

Random sea wave response analysis was 
performed to establish a basic tower 
configuration. Then preliminary strength 
analysis during installation was performed 
to see if any modification of tower 
configuration was necessary. 



Reanalysis of in-place random sea 
condition was again done incorporating 
these installation requirements. Fatigue 
analysis was done by deterministic method 
utilizing steady state wave response 
analysis. Preliminary earthquake analysis 
was done by spectral response analysis 
method. Marine analysis (transportation, 
launching and pile driving) was performed 
and tower strength during these operations 
was again evaluated. 

Analytical Model Development 
Two types of analytical model were 

developed; detailed and simplified models. 
The detail model was a three 

dimensional space frame model developed 
for the tower member/joint design. All 
primary members were explicitly modeled 
as three dimensional beam elements, 
including each of the sixteen piles as shown 
in Fig. 3. Piles were modeled with 
conventional P-y and Q-u/t-z curves. P- 8 
effect was simulated by providing an 
equivalent spring at each level of the tower. 

The simplified model (Fig. 4) was 
developed based on detailed model with 
equivalent beam stiffness,   mass 
characteristics, wave force characteristics, 
and pile spring characteristics (linearized). 
P- S effect was again simulated by 
applying equivalent springs. It was so 
developed as to have the same dynamic 
properties as the detailed model. 

Inplace Random Sea Analysis 
Basic Approach — 

At first transient wave response 
analysis was performed with the simplified 
model on a random wave train to capture 
extreme events and select critical instances. 
Then, a static structural analysis to check 
member and joint strength of the tower was 
done with detailed model to the critical 

instances   by   simulating   those   dynamic 
forces.   Fig. 5  shows this basic approach. 

Wave Window Selection - 
Fig. 6 shows the general flow of wave 

window selection. 
At first. 20 sets of random wave 

records of 512 sec. duration were 
arbitrarily generated from P-M Spectrum 
for a 100 year storm condition by the 
linear superimposition method. Transient 
wave response analysis was done and the 
peak values of individual maximum of 
global responses (base shear/ overturning 
moment/ applied force) were selected. The 
peaks of each response were checked as a 
function.of the number of record to confirm 
that stable response statistics had been 
obtained. Then the most probable response 
maxima for a 3H duration storm were 
derived by fitting Weibull's probability 
distribution function. As there is usually a 
tail for the upper portion of probability 
distribution of response maxima, we fitted 
Weibull's probability distribution function 
for the upper 5% data to prevent 
underestimation of the extreme values. Fig. 
7 shows an example of Weibull's 
probability fitting. 

Finally, the three design random 
wave windows of lOOsec. duration were 
selected for the following design, so that 
each response for the wave windows 
exceeded the estimated extreme value 
response. 

Wave Response and Critical Instances - 
Random sea wave response analysis was 

performed with the simplified model for the 
selected three wave windows. Time 
histories of base shear, overturning 
moment, wave force and deck 
displacement were computed and critical 
instances for each response   were specified. 



Derived maximum base shear was 2. 450 

tonne.   Maximum overturning moment was 

660, 000     tonne*m.       Maximum       deck 

displacement was 6. 5m. 

Structural analysis with the simplified 

model was performed for the same time 

step as the random sea response analysis 

and force envelope of story shear/bending 

moment were developed. Critical instances 
were also specified that caused maximum 

story shear and bending moment for each 

tower portion. As a result, a total of 17 

critical instances were selected for three 

wave windows. 

Snapshot Analysis with Detail Model 

Snapshot analysis was done with the 

detailed model for the critical instances 

simulating not only static wave force but 

also equivalent pseudo-static inertia force 
corresponding to the results of the wave 
response analysis with the simplified model. 

A member and joint strength check was 

performed including hydrostatic pressure 
interaction. A pile interaction check was 

also performed. Maximum pile axial force 

was 5, 600 tonne, and required pile 
penetration was estimated as 140m. 

Fatigue Analysis 
A deterministic fatigue analysis was 

performed utilizing steady state dynamic 

wave response analysis. In this analysis a 

unidirectional sea is conservatively assumed. 
In the generation of individual fatigue 

waves, the probability of occurrence of 

wave height and period were considered. 

Natural tower periods were also taken into 

account. 

The results shows that damage ratios 

were comparatively high at horizontal plane 

members just beneath the sea surface and 

at the tower portion in the vicinity of 

mudline. It was admitted that torsion mode 

has a relatively large effect on derived 

damage ratio. It can be concluded that 

fatigue was not dominant factor on this 

tower design, although some portions 

required re-sizing. 

Earthquake Analysis 

The tower simplified beam model was 

modified to 4 pile model. Only vertical 
mass was modeled for each pile joint 

Other mass was modeled on tower joints 

including linear mass of the tower and piles 

and tower torsional mass. The same 

equivalent spring of P- 6 effect as that for 

in-place random sea analysis was utilized. 

Earthquake analysis was done by 

response, spectrum method according to 

Lloyd's Register rules. An effective ground 

motion of 0. 25g and response spectrum of 
API RP 2 A is considered, extrapolating for 
natural period longer than 5  sea 

The results were compared with those of 
inplace random sea analysis. This 
comparison indicated that less severe 

member force would be induced firom 
earthquake condition than from storm 

conditions. Pile axial force for earthquake 
condition was compared with that for storm 

condition. The results show that induced 

axial force was slightly lower than that for 
storm conditions. It may be concluded that 

earthquake will not be a governing 
condition. However, if CPT is installed in 

areas where vertical seismic acceleration is 
excessive, earthquake may be a governing 

condition of pile design and future detailed 

study is necessary. 

Installation Study 

Preliminary     strength     analysis     was 

performed     just     after     completion     of 

preliminary in-place random sea analysis, 

resulting in re-sizing of tower members. 

Detailed    installation    procedure    was 



studied by Hudson Engineering Co. 

including transportation, launching, 

setting and pile driving to achieve a 

practical installation scenario. It is noted 

that top first end launching with self 

upending sequence is applicable. 

Principal Particulars of Designed Tower 

Overall Configuration of designed CPT is 

shown in Fig. 3, whose weight is 19, 000 

tonne for the tower including appurtenances 

and 12, 900 tonne for piles. The tower is 

of a one-piece, four legged tubular space 

firame structure with a uniformly square 

cross section of 33ni. x 33m. in 350m. 

water. Leg sizes range from 60 to 96 in. 

in diameter , brace diameters range from 

14 to 5 4 in. Long piles are installed 

around the periphery of each corner leg (4® 

72" 0 piles per leg) and extend upward to 

EL. (-)57. 5m. Two buoyancy tanks of 7. 3 

m. diameter x 110m. length are installed 

in the tower to reduce tower in-place 

submerged weight and pile axial 

compression force. 

WATER  TANK TEST  with   1/50  SCALE 

MODEL 

Purpose 

A model test was planned to investigate 

basic tower characteristics and to confirm 
that the adopted in-place random sea 

design procedure is appropriate. 

Out Line of Model Test 

The model tests were carried out at 

NKK's Tsu Research Center. Fig. 9 

shows the 1/50 scale physical model. The 

test basin is 240m. long x 18m. wide 

with a water depth of 8 m. and is equipped 

with a flap-type wave generator. 

The test plan is summarized as follows. 

Static  calibrations   were   conducted   first. 

Towing tests in current only were then used 

to establish  steady-state  drag coefficient. 

Regular wave tests for wave period 0. 5 - 4. 

5sec. , which were equivalent to 3. 6-31. 5 

sec.   in    the    prototype, were    conducted. 

Twelve  sets  of random   wave  tests  with 

target significant wave height Hs=13m. 

and peak period Tp=14. Osec.   (in the test, 

significant wave height is about 250mm, 

peak  period is  2 sec.)  were  carried  out. 

These regular wave tests and random wave 

tests were conducted for wave  approach 

angles of 0  and 45deg.   Finally, the  test 

was simulated by computer analysis. 

Test Model Development 

Frude. number similarity was adopted. 

The test model    was made of polycarbonate 

and was fabricated as precisely as possible 

to the designed prototype tower structure 

including buoyancy tanks,  conductors,  etc. 

However,   four  piles  at  each  corner  of 

prototype   were  replaced  by  one   pile. To 

simulate     the    dynamic    characteristics, 

stiffness     of      the     tower     and     piles, 
distribution of the mass and the wave force 
properties were carefully adjusted. 

Measurement 

Base shear and overturning moment 

were measured by load cells installed in the 

bottom of the model. Deck displacement, 
acceleration of the tower and strain of the 

piles were each measured by sensors fitted 

on the model. Wave surface elevation and 
water particle velocity were also measured 

simultaneously. 

Simulation by Computer Analysis 

In order to verify the design procedure 

utilized in the basic design of the tower, 

these test results were compared with the 

simulation by computer analysis with 

simplified model based on scale test model. 



Both regular and random wave responses 

were simulated. 
In the analysis, a wave force coefficient 

Cd of 1.0 was assumed considering the 

scale effect on Reynold's number. For the 

random wave response analysis, input 

wave data were developed by FFT method 

from the surface elevation data observed in 

the test 

installation practice. Strength analysis 

during installation affect tower stiffness, 
which causes a reanalysis for random sea 

conditions. 
The comparison between experiment and 

analysis shows that the design approach 

utilizing a simple model to save computing 

time, is applicable for such a structure 

design. 

Tower Response 

Fig. 10 shows the responses of tower 

base shear for regular wave experiment 

As a matter of course, response of the 
tower is effected by the relation between 

the wave period and the natural period of 
the tower. Analysis results of tower 

responses designated by dotted line are also 

shown in the figure. 

Fig. 11 shows the time history of tower 
base shear response for the random wave 
experiment and analysis. For tower motion, 
base shear and overturning moment, test 

results and analysis closely correspond. 
The wave response analysis using the 

simplified model simulated the test results 

very closely. 

CONCLUSIONS 

Compliant piled tower design approach 

has been shown. Tower structural 

response for 100 year storm condition was 

done based on random sea wave response 

analysis with a simplified model, and 

snapshot analysis with a detailed model 

was performed to design individual 

members and joints of the tower. This 

analysis condition is a dominant condition 

for tower member/pile design. Fatigue does 

not have significant effect on compliant 

piled tower design. Earthquake for Zone 4 

condition does not dominate tower design. 

Installation  is  possible  with  conventional 
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Design Criteria 

Water depth : 350 m 

Topside weight       : 17000 tonne 

Design life : 25 years 

Number of drilling rigs :2 (API Standard) 

Conductor size and Nos   ; 26"   tf)   x 40 

Wave   : Hs= 13 m, Tp= 14 sec. (P-M Spectrum) 
Current - tidal : 0.3 ml sec (at surface) 

- wind driven      : 1.0 m/sec (at surface) 

Wind Velocity : 60 m/sec 

Earthquake horizontal ground acceleration 

: 0.25 g (Zone 4 API RP2A) 

Fatigue life of brace to chord connection 
: 50 years 

Fig. 1 Design Criteria 
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UJNR AS A CATALYST FOR COOPERATIVE OCEAN PROGRAMS 
BETWEEN JAPAN AND THE UNITED STATES 

Patrick Kenji Takahashi 
Director 

Hawaii Natural Energy Institute 
University of Hawaii 

2540 Dole Street 
Honolulu, Hawaii 96822 

RETROSPECTIVE 

The series of UJNR Marine Facilities gatherings over the past few 
decades have been immensely productive with respective to the formation of 
lifelong friendships and mutual edification. We have visited every important 
ocean project in our two countries. 

But how many of these major facilities have been true partnerships 
between our nations? Most of these projects and sites have been monuments 
to national pride. 

Rice wars and automobile tax threats and price fixing accusations today 
dominate our international relations. Can UJNR begin to serve as a beacon of 
real friendship, trust and cooperation? 

PROGRESS 

This is not to say that progress isn't being made. UJNR had everything 
to do with the series of Coastal Ocean Space Utilization, conferences held since 
1989, where American federal agencies have worked closely with the Japan 
Ministry of Transport and related organizations to sponsor these forums where 
international cooperation has been discussed. The latest gathering just 
occurred this past Summer in Yokohama. But in a way, the presentations, 
again, largely reported on specific marine activities in each country. 

Each of you can most probably cite other cases of high intent and 
general goodwill. No doubt joint projects are on the drawing boards. 

UJNR, for example, was influential, I think, in spurring a budding 
relationship on the Marine Corridor (MARICO) Project (Murata 1995). This 
$200 billion initiative to build a transportation beltway inside the periphery of 
Osaka Bay, in the process creating nine marine city corridor links and cleaning 
up the bay, was discussed a year and a half ago during the UJNR Japan tour. 
Since then, some of us were asked by the Kansai planners to assist in 
organizing a workshop to help develop the project. These sessions were held 
this summer when a half dozen speakers from the U.S. integrated our thoughts 
with presenters from Japan before audiences of 350 each in Kobe and Osaka 



to discuss the program with the local community, including internationalization 
of the project. 

There was consensus that early foreign participation in the effort was 
essential to bring this dream to reality. In fact, so much so that MARICO 
leaders recommended that the next workshop be held in a foreign coastal zone 
to discuss international cooperation. Plans are solidifying for a November 
1996 session in Hawaii involving recommended participants (from industry, 
academia and government) from leading coastal nations to provide 
environmental remediation insights and assist in the design, construction and 
operation of the facilities. 

Invariably, spinofF opportunities are triggered when attitudes are 
positive and trust is strong, for in talks with the mayor of Sumoto City on 
Awaji Island, where two corridor links are to be located, proactive interest was 
evinced for working together on a showcase complex for the Island featuring a 
natural ocean park (that is, with sealife living in their natural environment and 
visitors provided view pathways through translucent walkways and bubble 
chambers) and at least a wing of a planned hotel being built underwater where 
picture windows would provide scenes of the marine habitat. 

This relatively quick partnership in reality took many long years of 
interaction built on fellowship, karaoke bar interludes and co-authored papers-- 
or the WNff experience. Clearly, Joseph Vadus' chairmanship during eons of 
UJNR tours formed the base of credibility and longstanding goodwill that 
helped accelerate the partnership. Thus, this assemblage of marine dignitaries 
and developing superstars is already well on the high road to good international 
relations through the formation of the full spectrum of ocean enterprises. It 
just so happens that "Takahashi" means "high bridge," which is a necessary 
fixture when two high roads attempt to connect over a gap. I trust that this 
presentation can symbolically serve as the bridge .or stimulus for such 
cooperation. 

A PROPOSAL FOR INTERNATIONAL COOPERATION 

Having said the above, it is only fitting that at least one proposal is 
offered for future consideration. In past UJNR sessions the prospects of a 
"Blue Revolution" were discussed. The basic concept shaping an integrated 
project was presented at UJNR Tokyo last year (Matsuda 1994), but to 
summarize, the World appears ready to begin the design of an incubator 
plantship: 

• powered and dynamically stabilized by the ocean thermal energy 
conversion (OTEC) process; 

• providing a cornucopia of sustainable products ranging from 
energy to green chemicals to seafood and habitats; 



• which shows promise for enhancing the environment while 
promoting economic development; and 

• which is ideal for international cooperation. 

Various workshops treating elements of the total system have already 
been held, leading to several volumes detailing the work to be done. These 
sessions, usually funded by the National Science Foundation (NSF) with the 
National Oceanic and Atmospheric Administration (NOAA), typically involved 
25 to 50 specialists, sometimes including Japanese participants (with Japan 
Science and Technology Agency support), meeting over three days to establish 
research and technology transfer priorities treating the following subjects: 

very large floating structures, 

seabed resource recovery, 

open ocean ranching, 

deep ocean instrumentation, 

artificial upwelling; and 

Project Blue Revolution. 

NSF and NOAA subsequently sponsored a blue ribbon panel 
convocation which produced "Ocean Resources 2000," a document (Graham 
1992) that largely endorsed consideration of a range of floating platform 
applications. In addition, the combination of international venues dealing with 
sustainability, renewable resources and ocean applications from: 

• the Earth Summit (United Nations Conference on Environment 
and Development, Rio de Janeiro, 1992), 

World Solar Summit (UNESCO, Paris, 1993), and 

Oceanus Lisboa '94:   the Ocean Summit (UNESCO, Lisbon, 
1994) 

set the stage for world-wide involvement of the Blue Revolution (Takahashi 
1994). 

Thus, much of the groundwork has been layed for the obvious next step, 
which would be for principals from our two countries to develop a strategic plan 
for implementation. To some degree there are signs that such a movement is 
gaining momentum. Discussions are being held for Hawaii to host a bilateral 
workshop next year for Japan and the U.S. to produce such a plan. The 
members of UJNR would be an excellent starting point from which to select 
participants. 



CONCLUSIONS 

The Green Revolution forestalled Thomas Malthus' thesis that 
population will eventually overwhelm our ability to produce food. The Blue 
Revolution can go one better by also augmenting high quality living space and 
enhancing the environment. A necessary first step is for the two leading 
countries in the World to seriously consider these prospects. UJNR can, 
perhaps, play an important role for this purpose of benefitting humankind 
through economic development of the Sea's riches in harmony with the marine 
environment. 
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OCEAN SPACE UTILIZATION FOR MARINE RESOURCES 
DEVELOPMENT IN HAWAII 

Craig D. MacDonald 

State of Hawaii Department of Business, Economic Development & Tourism 
Ocean Resources Branch 

P.O. Box 2359, Honolulu, Hawaii 96804, U.S.A. 

INTRODUCTION 

This paper provides an overview of the gross expenditures generated by economic activities based wholly 
or partly on the use of the ocean or its products in Hawaii. Economic activities involving the ocean in Hawaii 
are highly diversified and make up six industries composed of multiple sectors. These ocean industries are 
maritime, ocean recreation, seafood marketing, ocean R&D, commercial fishing and aquaculture. 

This overview is provided to establish a framework and begin to discuss potential areas of interest for 
cooperative projects and joint ventures in marine resources development between Hawaii and Japan. Hawaii 
has a history of welcoming outside investment capital and clearly recognizes the need to foster linkages in the 
international marketplace for the export of its ocean-related products and expert services. 

EXEMPLARY GROWTH AND SOLID PROSPECTS 

Hawaii's ocean industries generated $2.9 billion (all currency reported is in U.S. dollars) in revenues in 
1992, having achieved strong growth (8% annually) over the 1981-92 period [1]. This is the most recent year for 
which these comprehensive data exist. The forecast for the period 1992-98 indicates slower growth at the more 
sustainable level of 4.5% annually, generating S3.S billion in 1998 [2]. 

During 1981-92, Hawaii enjoyed double-digit growth (10%-17%) in annual revenues in four of its six 
ocean industries (Table 1). Over the period 1992-98, Hawaii's total ocean industry revenues are projected to 
grow at almost twice the average annual rate of inflation (2.9%) forecast for that period [6]. Table 1 provides 
a detailed comparison of the average annual growth rates and estimates of direct revenues realized bv Hawaii's 
ocean industries for the years 1981, 1986 and 1992. with projections for 1998. More extensive background 
information and a description of the ocean industries is provided elsewhere [1,2]. 

ECONOMIC IMPORTANCE 

A comparison between estimates of total direct revenues for Hawaii's ocean industries and selected other 
industries for the years 1981, 1986 and 1992, with projections for 1998, is presented in Table 2. The other 
industries are considered to be Hawaii's economic mainstays. Among them, tourism is clearly the most 
important revenue generator, followed by defense. Depending on the phase of Hawaii's construction cycle, ocean 
industries can generate revenues of roughly the same amount as construction, e.g. 1986 and the forecast for 1998. 
Since at least 1981, ocean industries have generated more revenues than all agricultural production combined. 
Total ocean industry revenues amount to about 9%-10% of Hawaii's Gross Sute Product (Table 2). 

Ocean industries are an important structural element of Hawaii's economy by virtue of their large size 
and sustained growth and play several key economic roles. For example, export production is achieved through 
fisheries landings and their overseas sales, the bunkering and repair of ships passing through Hawaii's ports, and 
ocean R&D investments in Hawaii from offshore. Ocean cargo services play a critical secondary role in 
responding to the needs of primary industry, i.e. they supply transportation for construction materials and the 
goods to sustain tourism. Ocean industries also play a role as catalyst for other primary industries. For example, 
ocean recreation enhances the product-service offering that entices visitors to Hawaii and defense is a major 
purchaser of Hawaii ocean R&D services. 



Table 1. Comparison of gross estimates of direct revenues and averace annual revenue growth for Hawaii's 
ocean industries between 1981, 1986, 1992 and projections for 1998 (in millions of dollars). Data for 1981 are 
from sources indicated below.  Data for 1986, 1992 and projections for 1998 are from [1,2]. 

Revenue Estimate Revenue Growthf^) 
proj 

1986f    19928    1998h Industrv 1981 1986 1992 
proj 
1998 

Maritime 962' 1,380 2.000 2,531 7 6           4 
Ocean recreation 128a 269 560 797 16 13          6 
Seafood marketing lllb 101 154 206 -2 7          5 
Ocean R&D 26c 47 95 113 13 13         3 
Commercial fishing 18d 28 62 88 9 14          6 
Aquaculture 6e 13 23 35 17 10          7 

TotaI 1,251 1,838 2,894       3,770 8' 4.5' 

These 1981 values are more hypothetical and were back-calculated from the 1986 estimates based on the respective avera-e annual 
^    growth rates reponed for 1981-86 |1].  Some rounding in growth rates occurs. 

•CJ-'  Respective sources [1]. [3], [4), and (5). 

Respective average annual growth rates for 1981-86. 1986-92 and projections for 1992-98. 
Weighted mean 

Table 2. Comparison of gross estimates of direct revenues for selected Hawaii industries between 1981 1986 
1992 and projections for 1998 (in millions of dollars). Ocean industrv revenues also are presented in proportion 
to the Gross State Product. 

ReveniKts'1 

Industrv 1981 1986 1992 
proj 
1998 

Tourism 3,775 6,362 9,559 12,456 
Defense 
Construction 
Ocean industries 

Maritime 
Non-maritime 

Agricultural production 

2,041      ' 
1,585 
U51 

962 
2S9 

490 

2,974 
1,810 
1,838 

uso 
458 

568 

3,743 
3,950 
2,894 

2,000 
S94 

524 

4,435 
3,714 
3,770 

2,537 
1.239 
nab 

Gross State Product5 

(% ocean industries) 
13,259 

(9.4) 
18,483 

(9.9) 
30,083 

(9.6) 
38,717 

(9.7) 

Sources:  tourism and defense [6], construction [7] and agricultural production [8].  Data for ocean industries are from Table 1 this 
paper. 
"na" indicates data not available 
Source [6] 



As the foregoing attests, the development of ocean industries leverages the growth prospects of activities 
which have large potential such as tourism, defense, high technology, specialized food processing, etc. Coupled 
with the projected steady growth of ocean industries through 1998, the potential for cooperative projects and joint 
ventures with Hawaii in marine resources development is high indeed. 

COOPERATIVE OPPORTUNITIES 

The ocean space surrounding Hawaii is vast; the Exclusive Economic Zone (EEZ) around the Hawaiian 
archipelago alone encompasses 922,967 square miles (697,00 sq. n.m.). This space and its associated environs 
inside and outside the EEZ are well-endowed with mineral and fishery resources. These resources already are 
the basis for cooperation between business and government interests in Japan and Hawaii that potentially could 
be enlarged upon and around which new ventures conceivably could form. The following two examples are 
representative of a suite of realistic possibilities. 

Marine Minerals Exploration and Utilization 

Hawau is recognized as a national center for deep ocean minerals expertise and the Port of Honolulu 
is steadily increasing in importance as a distant operations base for international (including Japan) scientific 
vessels prospecting mining claims in the Clarion-Clipperton Fracture Zone under the United Nations Law of the 
Sea Convention. Port calls by these vessels have increased from 1-2 per year during the 1980's, to 5-7 during 
1992-93 and 14 in 1994. In 1994, these port calls generated about $3 million in expenditures for Hawaii 
businesses primarily through the purchase of bunkers and provisions, and ship renovation and installation of 
scientific instrumentation. The visitation rate of these vessels is anticipated to remain the same as in 1994 or 
increase slightly during 1995 and 1996 and greater frequency is encouraged. 

Industry interest in development of ferromanganese nodules and crust resources is higher now than at 
any point in the last ten years. This renewed interest is leading to several possible fields for international 
cooperation with Hawaii including developing and testing an integrated mining system, formulating appropriate 
environmental guidelines and providing effective training programs. By virtue of geographic location and relative 
proximity to Japan's marine mineral claim sites, sophisticated telecommunications and transportation 
infrastructure and cultural familiarity (to mention just a few assets), Hawaii is an ideal partner with Japan to 
pursue common interests in marine minerals exploration and. ultimately, development. Already, several nations 
are viewing Hawaii as the location to establish a programs and logistics office in support of their prospecting and 
mining activities. 

Although minerals extraction is the long-term economic driver, areas of more immediate or additional 
potential include the commercialization of applications in materials science and marine minerals tailings 
utilization. Currently, patents have been applied for by Hawaii interests regarding the use of cobalt-rich 
manganese crusts as electrical transducers and as aldehyde scrubbers for automobile emissions control. Basic 
research in Hawaii in need of follow-up development support points to multiple uses of tailing wastes as 
construction products such as ceramics, floor and roof tiles, rust-proofing and antibiofouling coatings, etc. Marine 
mineral tailings also demonstrate promise for land reclamation for agricultural crops and forestry production. 

New Fishery Investment and Development 

Historically, skipjack tuna (Hawaiian name "aku") dominated commercial fishery production in Hawaii. 
Today, it is perhaps the single largest underutilized fishery resource in Hawaii, largely due to reduced fishing 
effort. In Hawaii this species is mostly caught by pole-and-line, live-bait fishing in much the style of Japanese 
distant-water baitboats. In fact, a partnership or joint venture between Hawaii and Japanese fishing and 
mvestment interests may hold the best potential to revitalize the fishery. 

The available evidence indicates that the skipjack tuna population can easily support an expanded fishery 
m Hawau. Recent catches (1990-94) amount to only 1-2 million pounds annually compared to annual catches 
of up to 16 million pounds in the past. Additional catches of 5-10 million pounds annually seem possible today 



just fishing around the main Hawaiian islands. Pole-and-line vessels from Japan fishing for skipjack tuna within 
the EEZ surrounding the Northwestern Hawaiian Islands made annual catches of 4-8 million pounds from 1978 
to 1984, bringing the total catch up to twice the level of the domestic catch in those vears. That fishery continued 
to operate legally in the EEZ through 1992? although no Japanese data have been obtained since 1984. Today, 
new regulations disallow the continuation of this fishery by Japan, pursuant to inclusion of tuna under the U.S. 
Magnuson Fishery Conservation and Management Act. 

The future of the skipjack tuna fishery in Hawaii depends primarily on the development of markets and 
the adoption of new technology. Expansion of the market will likely require innovative product technology that 
can economically preserve seasonally abundant (summer) catches for later sale or fishing technology that will 
permit increased catches during the season of low availability. Multi-day fishing trips to greatly expand the range 
of the fleet could be realized by new technology or transfer of existing technology from the Japanese distant- 
water baitboat fleet. Cultured alternatives to the existing wild-caught baitfish ("nehu") or alternative sources, such 
as open-ocean species, probably would have to be developed as well. 

CONCLUDING COMMENTS 

The State of Hawaii would like to encourage greater use of our islands and expertise in capacities such 
as these and is open to facilitating proposals between interested parties. Hawaii's ocean industries are sound 
and growing steadily and additional opportunities remain to be realized. International cooperation is the key 
to success in a global economy, and Hawaii is eager to participate. 
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OSEAR:  A Proposed Coastal Ocean Space 
Utilization Project off Nantucket Island, Massachusetts 

George Hagerman 
SEASUN Power Systems 

124 East Rosemont Avenue 
Alexandria, Virginia 22301 

A unique opportunity exists to develop a multi-benefit, commercial ocean enterprise off the coast of 
Nantucket Island, Massachusetts. Named OSEAR (Offshore Sustainable Energy and Artificial Reef), 
this project would generate electric power, help revitalize depleted fisheries, recycle discarded 
materials, and enhance economic development in several coastal industries, including commercial 
fishing, shipbuilding, and tourism/recreation. Originally conceived by the Conservation Consortium 
of Yarmouth Port, Massachusetts, the Nantucket OSEAR project is now the subject of an economic 
feasibility assessment by SEASUN Power Systems. After a brief summary of the project's history, 
this paper describes its two key marine facilities: an offshore wind/wave hybrid power plant and a 
wave-focusing artificial reef. 

Background 

The Conservation Consonium (TCC) provides turnkey wastewater reclamation and waste heat 
recovery systems for its customers and has a long history of promoting wind energy development in 
the Cape Cod region. TCC originated the OSEAR concept as a means of combining electric power 
generation and fisheries enhancement (by habitat creation) in the coastal waters off New England. 
An opponunity to pursue this concept arose in June 1994, when as part of a settlement in a supply 
planning case, the Massachusetts Depanment of Public Utilities required that Nantucket Electric 
Company issue a request for proposal (RFP) soliciting 2.5 MW of wind generation for a 20-year 
power purchase contract. An offshore project appeared to have greater probability of success than 
an onshore wind farm, due to the high cost of land on Nantucket and public concerns about the visual 
appearance of wind turbines. 

In July 1994, Brian Braginton-Smith, President of TCC, convened the first meeting of potential 
project participants at the Advanced Technology Center of the University of Massachusetts at 
Dartmouth, including representatives from academia, state government, and private industry. 
Although meeting participants voiced widespread support for the OSEAR concept, the project 
remained poorly defined as to the type of power generation technology (wind, wave, or both) and the 
targeted species for fisheries enhancement (lobster, scallops, groundfish, or flatfish). By January 
1995, however, the project had crystallized around two technologies: the Ocean Swell Powered 
Renewable EnergY (OSPREY) device developed by Applied Research & Technology (ART) of 
Inverness, Scotland, and a wave-focusing artificial reef developed by Coastal Wave Management 
Systems of La Jolla, California. 



Unlike the concrete caissons that have been used for fixed OWC projects in Japan and India, ART's 
caisson design is a lightweight, stiffened steel structure that can be welded from flat and simply 
curved plate sections.  It thus can be fabricated at conventional shipyards without major retooling. 

Key components of the OSPREY are diagrammed in Figure 3. Wave energy is harnessed by means 
of an OWC within the inverted dome of a collector chamber. Water in the chamber rises and falls 
in response to passing waves, causing a reversing air flow through two vertical stacks. Each stack 
is 3 m in diameter and contains two 500 kW Wells turbines that are directly coupled to induction 
generators, which operate at variable speed. AC-DC-AC power electronics convert the generators' 
output to constant voltage and frequency. Only two turbine/generators are operated in low waves, 
while all four are brought on-line in high waves. This enables the OWC to be optimally damped over 
a wider range of sea states, which is further enhanced by real-time microprocessor control of turbine 
rotational speed. ART has filed patent applications worldwide to protect its commercial rights to 
these innovative features of OSPREY technology. 

The caisson is designed to also support a wind turbine as shown in Figure 4. Offshore wind speeds 
are generally greater than those on land, but the high capital cost of piers to support wind turbines 
in the open ocean has prevented the utilization of this resource. The OSPREY caisson, however, can 
support a wind turbine of up to 1.5 MW in size without significant cost penalty, since the additional 
wind loading is negligible compared with the wave loading that the caisson has already been designed 
to withstand. The OSPREY also has an existing electrical infrastructure. Therefore, the incremental 
cost of adding a wind turbine is much less than if the same turbine was installed offshore on its own. 

The Nantucket OSEAR project would consist of five OSPREY caissons, each fitted with a 500 kW 
wind turbine, thus providing 2.5 MW of wind power, which is responsive to the anticipated Nantucket 
RFP, as well as 10 MW of wave power that would be wheeled to the mainland (also allowed in the 
above-mentioned settlement case). The caissons probably will be located in Outer Continental Shelf 
waters east of Siasconset. An important step in developing this project is to locate natural "hot spots" 
of wave energy, where prevailing waves are focused by refraction over Nantucket Shoals. 

Waves would be further focused on the caissons by a parallel-bar artificial reef system developed by 
Coastal Wave Management Systems of La Jolla, California. Each caisson would be located between 
two bars; the bars would be approximately 100 m long and 5 to 10 m wide. Constructive interference 
between incident waves and standing waves trapped between the bars is expected to create a 50-70% 
increase in wave heights at focal points where the caissons would be sited. 

In addition to focusing waves toward the OSPREY caissons, the reef would be designed to attract and 
sustain highly-productive populations of specific invertebrate and fish communities in order to restore 
overfished species and create new harvest opportunities. Reef building blocks might also incorporate 
recycled materials that would otherwise be landfilled or incinerated. It remains to be determined 
whether the revenues from leasing fisheries/aquaculture harvest rights, as well as possible tipping fees 
for materials recycling, will be adequate to finance reef block fabrication and deployment; however, 
if the reef proves to be financially self-supporting, it would provide essentially "free" enhancement 
of the wave energy resource, enabling the power plant to achieve the target price 6.5 g/kWh 
anticipated in the Nantucket RFP. 



Lobster are a high-value shellfish that are difficult.to raise in mass aquaculture due to their tendency 
toward cannibalism. The Norwegians have had considerable success rearing juveniles to a length of 
approximately 5 cm and then releasing them to mature in the wild. There is a state lobster hatchery 
on Martha's Vineyard that could provide seed lobster for an artificial reef off Nantucket. 

A critical step in developing this project is to determine which finfish and shellfish species to target 
in the design of reef building blocks, so as to maximize the reefs beneficial impact on commercial 
and recreational fisheries. For each targeted species, a "biological" block design would be developed 
with appropriate size, shape, and spacing of refuge caves for juveniles, and surface micro-structure 
for enhancing the recruitment and growth of specific invertebrate communities that juveniles feed on. 
Thus one can envision one type of building block designed for lobster, another for striped bass, and 
so forth. These would be placed at different locations along the bars, or in different layers from the 
seafloor to reef crest. The patent application assigned to Coastal Wave Management Systems 
indicates that 1825 tetrahedrons would be required for a single bar, and that the bar width must be 
at least 5 tetrahedrons. These numbers suggest that the resulting bar would be approximately 100 m 
long, 8 to 10 m wide, and 5 to 7 m high, which would provide ample opportunity for layering of 
different block types. 

As previously indicated, it is important that the reef be financially self-supporting, which has two 
implications. First, it would provide essentially "free" enhancement of the local wave energy resource 
in the vicinity of the OSPREY caissons. Second, reefs could be deployed simply for the purpose of 
fisheries enhancement, without connection to any power generation plant. Although fisheries 
enhancement and power generation are tied together in this particular enterprise off Nantucket, a 
financially self-supporting reef would have considerable market appeal in regions where there is no 
need for new power generation. 
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Understanding Barriers to Intrapreneurship in an R&D Organization 

by 
James  C.  S.  Meng 

Naval Undersea Warfare Center, Newport, R] 02841-1708 

Abstract 
Innovation is an important source of competitive advantage essential to organizations engaging in research and 
development of technology and systems. Since innovation relies on entrepreneurship to complete the technology- 
market link, entrepreneurship is then a key source of competitive advantage. The dichotomy beMeen 
entrepreneurship and central strategic planning reveals itself on all levels of organization, especially in large, high- 
technology research and development organizations. On one end, the nurturing of entrepreneurship implies the need 
to be free of constraints; on the other hand, central strategic planning dictates the accomplishments of specific goals 
and meeting significant measurable milestones. To promote internal entrepreneurship (therefore, the term 
"intrapreneurship"), a large organization must be fully aware of the barriers to intrapreneurship and understands its 
impacts on the effectiveness of the organization. The main goal of this paper is to bring about a better understanding 
of barriers to entrepreneurship in an R&D organization by delving into the origins of the barriers. A secondary goal 
is to identify ways to overcome barriers and to promote intrapreneurship in management of research and 
development. Only the endogenous barriers, those between the innovator-intrapreneurs and organization management, 
are addressed in this paper. 

1.   Introduction 

In a world of constant change, products in the world market place derive less and less of their value from 
production labor or capital goods but more and more from the quality of thought and innovation imparted in the 
product. As certainty in the market place diminishes, accelerated and more encompassing innovation has become as 
important as increase in productivity. 

Experience shows that successful companies are those that have initiated innovative changes in technology, 
marketing or organization and, as a result, generated competitive advantages over competitors. Technological 
innovation can provide potential for altering the competitiveness of firms and nations as well. Leaders of all 
organizations know that they must support people with ideas and initiative - the entrepreneurs - because they are 
agents of change and hope for the future. To retain vitality, as organization matures, it must build in a capacity for 
innovation self-renewal, or a framework within which continuous innovation can occur. Through a higher awareness 
of the innovation barriers and their origins, organizations may be better able to overcome barriers to change and 
renew their sources of innovation. 

Entrepreneurs are needed not only to start new business ventures on a small scale but also to put life into 
existing companies, especially the large ones. As was pointed out by Pinchot (1985), the vigor of entrepreneurial 
spirit is one of the United State's greatest business treasures. Due to lack of a homogeneous culture and the manners 
for deference to authority, reinforced by a spirit of self-reliance, adventure, and willingness to try new ideas, 
Americans have a full measure of the entrepreneurial spirit. How to harness this spirit and transform it into core 
competence and competitive advantages is the challenge for all leaders. 

The main goal of this study is to synthesize previous works into a framework and structure that helps bring 
about a better understanding of barriers to innovation and internal entrepreneurship ("intrapreneurship") in an R&D 
organization. A secondary goal is to identify ways to overcome barriers and to promote intrapreneurship in strategic 
management of research and development. The approaches are primarily descriptive, inductive, and semi-quantitative. 
By nature of the triadic relationship among innovator-intrapreneur, organization-management, and market 
environment, Piatier (1984) categorized barriers between organization and market environment as exogenous barriers, 
while those between innovator-intrapreneur and organization-management are called endogenous barriers. Only 
endogenous barriers are discussed in this study. 



The first step was to consolidate and synthesize a large number of studies into a structured summary; from 
the innovation process, roles of innovators and intrapreneurs, barriers to innovation, origins of the barriers, impacts 
on the innovative activities to possible solutions. The problems of innovation barriers is more readily understood by 
examining the nature of the underlying processes and forces. 

In Section 2, the definitions of innovation and invention, entrepreneur and intrapreneur are compiled and 
reviewed in the context of the innovation process and overall business cycle. Based on an extension of the earlier 
works, innovator's and entrepreneur's values and norms versus those of the organization are compiled into a 
schematic form to highlight the key factors creating tension between innovators-intrapreneurs and the organization. 
From these key tension factors the origins of barriers to innovation and intrapreneurship are identified and compiled 
for different phases of innovation. Given origins of barriers, solutions to overcome barriers are summarized, 
categorized and discussed. Commonality to solutions are identified and condensed into several salient factors. These 
factors along with key tension factors form a complete analysis chain, this chain establishes the basic analysis 
framework. 

Built on the analysis framework, the overall methodology, assumptions, and basis of a questionnaire is 
formulated in Section 3. One new aspect is the intrapreneur-management dual viewpoint approach versus focusing on 
intrapreneur alone. Namely, questionnaires from both viewpoints are formulated and included to allow correlation of 
the causes and symptoms of barriers and possible solutions. A second new aspect is that origins of barriers of 
different forms at different stages of innovation and intrapreneurship are identified. Once the innovation passes a 
certain stage, the intrapreneurship solution to overcome barriers may become more effective. 

A questionnaire survey of 300 employees selected from a Navy technology and systems development 
organization was conducted. The survey results, both causal and statistical, are summarized in Section 4. 
Conclusions, possible improvements, and recommendations for future studies are presented in Section 5. 

2.  Literature Review and  Conceptual  Background 

2.1    Definitions 
2.1.1 Innovation  and  Invention 

Invention refers to a new discovery proven to work; an innovation, however, is the process of converting 
ideas to wide-spread applications. Roberts (1987) gives the general definition: innovation = invention + exploitation. 
In his book of innovation and entrepreneurship, Manin (1984) compares the various theoretical frameworks of the 
innovation process. For example, Bright (1969) divided a technological innovation process into eight overlapping 
phases: discovery, theory or design concept, verification, breadboard model, prototyping, commercial introduction, 
widespread adoption of innovation, and proliferation. A clear distinction between invention and innovation was made 
that a scientific invention is a new idea or concept generated by research and development; this invention becomes an 
innovation only when it is transformed into a socially usable product. 

Innovation is initialed and enacted through the wisdom, insight, and efforts of a team of talented human 
beings. Studies of innovation cannot be complete without relating the processes of innovation and creative thinking. 
Hudson (1966) dissected creative thinking into divergent and convergent thinking. Divergent thinking is non-logical, 
non-analytical, intuitive and usually benefits from breaking dominant constraints. Convergent thinking, however, is 
logical, analytical, systematic and introduces constraints from relevance and practical points of view. 

2.1.2 Entrepreneur and Intrapreneur 
Roberts (1968) emphasized that brilliant ideas do not move themselves to the market place. His data 

identified several entrepreneurial attributes to be: extraordinary energy to cope with indifference and resistance; 
persistence and courage of heroic quality; strong sense of commitment, i.e., a strong product champion, the central 
figure, median age about 36 years old, Master of Science education level, no relationship between good grades in 
college and successful entrepreneurship, major work experience in research and development, development-oriented 
versus research oriented, high need for achievement, and moderate, not high, need for power. Williamson (1974) 
suggested ten characteristics of an entrepreneur, they are: superior conceptual and problem-solving abilities, broad 
generalist thinking, high self-confidence, strong drive, basic need to control and direct, willingness to take moderate 



risks, very realistic viewpoint, moderate interpersonal skills, sufficient emotional stability and tolerance of anxiety, 
and good physical health. 

There is often confusion of innovator with intrapreneur. The difference between innovator and intrapreneur 
lies in both the timing and functions they serve during the innovation process. Once a prototype has been completed, 
the innovator starts conducting market research or attempts to link technology and market; at that moment he crosses 
the threshold from innovator to intrapreneur. The intrapreneur is not necessarily the innovator, but someone who 
recognizes the potential of innovation and is willing to commit all resources to materialize its potential. 
Intrapreneurs almost always do their own market research and that research is generally more thorough and more 
effective in finding new markets than that provided by uninvolved marketers. This passion was often called " a lack 
of objectivity" but is now understood as "commitment." This quality of commitment is a key indicator of 
entrepreneurial tendency. Empirically, venture capitalists' selection criteria put emphasis on investing in 
entrepreneurs instead of entrepreneurs' business plans, since over time a business plan changes more rapidly than 
does an entrepreneur's character. 

2.2 Barriers Along Entrepreneur's Growth Path and Origins of Barriers 
The origin of barriers can sometimes be traced to theoretical criteria for evaluating innovation. Martin 

(1984) summarized the criteria into five categories: technological feasibility, commercial feasibility, any health, 
safety, and environmental impacts must be socially acceptable; relevant government policies should be supportive; 
and, finally, there should be congruency with corporate objectives and goals. Boksjo and Delin (1990) identified the 
origins of the barriers to be the differences in mental attitudes, behavior, and styles accumulated from organization 
culture, while Carey, Michaelis, and Collier (1972) gave origins from nine different functional and behavioral 
perspectives. Rogers (1983) identified five criteria that may influence the rate of adoption of an innovation: relative 
advantage over the idea it supersedes, compatibility with existing values, complexity to understand and use, 
trialability on a limited basis, and observability by others. Rappa (1993) illustrated an obstacle due to the systemic 
nature of an innovation, in other words, the innovation must function smoothly with many of a large and widely 
distributed system of technologies and organizations for it to be considered appropriate. 

By far Carey, Michaelis and Collier's study was the most comprehensive study of the subject of innovation 
barriers. Their questionnaire was structured toward nine different perspectives: behavioral and organizational, 
corporate strategy and policy, general management, technical, production, marketing, finance, technology transfer and 
government policies. These categories are consistent with Manin's (1984) five innovation evaluation criteria. Their 
questionnaire was twenty one pages long, with four out of nine sections being nearly identical. Because their focus 
was on government policy toward entrepreneurship, their survey can be considered to be macro in nature, or 
exogenous. No effort was made to look into the micro-level of detail, or endogenous aspect, to understand the root 
cause of the barriers; therefore, they did not enhance insights on how to eliminate barriers at the organizational 
level.. 

Based on this basic understanding, the primary barriers to innovation and intrapreneurship are captured in 
Figure 2.1. This figure serves to delineate the major barriers at different stages of the innovation relative to the 
organization, corporate goals, and perception of risk and availability of resources. The four phases as shown in the 
sketch are built on the logical evolution of innovation and observed phases by Pinchot (1985) of numerous 
intrapreneurs. 

2.2.1  Barriers of Behavioral  and  Organizational  Culture  Origin 

•Threat to individual positions and power structure in the hierarchy presented by the proposed innovation: 
-incompatibility with organizational value or culture norm 
-outside of scope of organization 
-exposure of organizational lethargy 
-potential to dislocate a continuing profitable operation 
-internal rivalry 
-threatens internal equilibrium of interests 
-upsets evolved routines and planning mechanisms. 
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•High individual risk of being blamed for possible failure of innovation attempt: 
-perceived high risk due to impossibility of reliable prediction 
-inadequate incentives for taking risks? incentives are based on short-term results 
-challenging established conventional wisdom 
-reflection of establishment's short-term view 
-breaking organizational rules. 

•Reluctance to enter new fields or new businesses due to unfamiliarity: 
-need to overcome the "collective wisdom about what business we are in" 
-need to convince the management for investment in facility and infrastructure 
-zero-sum game in discretionary resources'? If we obtained capital investment on current product 

lines, we can not expect to get resources from a new venture 
-perceived difficulty in obtaining top-management approval 
-unwilling to take proactive extra efforts to pursue new innovation 
-new product is inconsistent with current product development criteria. 

2.2.2  Barriers  of Corporate  Policy, Strategy  &  Management  Origin 
•Predominant commitment to exploitation of current products, markets and resources: 

-too narrow a view of the market the organization is serving; e.g., oil company should view 
themselves as energy company instead of an oil company 

-too focused a perspective on the local organization unit instead of organization-wide strategic 
growth 

-too near-sighted or short-term focus 
-insufficient discretionary investment funding 
-lack of organizational flexibility to exploit new opportunities? In other words, lack of ability to 

reorganize itself in response to the changing environment. (This ability to reorganization 
itself is called dynamic reconfigurability.) 

•Unavailability of other information critical to decision-making: 
-lack of opportunities for decision-makers to learn from innovators (This is called lack of 

participative learning in the literature.) 
-the further away the decision-maker from innovator, the more insurmountable the barrier? 

Especially if the decision-makers do not have same technical background as the innovators 
-Corporate decision-making process is too sluggish? Since the time lag between technical idea 

inception to venture initiation increases severity of barrier 
-lack of understanding of innovation due to inadequate lateral & vertical communications resulted 

from separation of physical location. 

•Functional specialists have inadequate understanding of other functions: 
-need to overcome the "local" nature of technology innovation 

versus the "universal" nature of scientific invention? It has been 
observed that technology innovation, due to its many specific 
processes, is understood by only those who work very close to it. 
While scientific invention is understood by a large scientific 
community using the same mathematical language, 

-lack a "technological gatekeeper" who is well versed 
technically and well connected internally and externally 
to provide decision-makers timely inputs? 

-lack a "boundary spanner" who had been transferred between 
organizations and understands values of both organizations? 

-lack of understanding as a result of lack of understanding of need to 
collaborate? 

-over differentiation and compartmentalization hinders flow of 
real information? 



•Cost of gaining market acceptance too high 
-high initial stan-up costs and longer period before payback 

place new development projects at disadvantage to 
minor extensions of present product projects 

-project acceptance is primarily based on benefits measurable in 
monetary terms, which does not include many intangible 
benefits 

-unclear market demand of the eventual by-products of innovation 
makes it inappropriate for cost-benefit analysis 

-unpredictability of innovation over course of development 
causes the business plans to keep on changing, driving up costs 

2.2.3  Origin  of All  Barriers 
On closer examination of the barriers originated from behavioral and organizational culture, one can reason 

that the three primary barriers listed in section 2.2.1 can all be traced back to fear of unknown and desire to avoid 
risk. The "threat barrier" looks at the innovation as a possible disruption to the existing order and fears the unknown 
of the new order if innovation succeeds. Naturally, the "risk barrier" is rooted in the fear of risk. The "reluctance 
barrier" can be explained to be originated from the fear of unknown. The corporate policy, strategy and management 
bamers can be traced to fear of losing the established order and efficiency. The "current market" barrier originates 
from the fear of losing highly efficient operation and established optimized order. The "lack of understanding", "lack 
of information" and "cost" barriers can all be traced to originate from fear of unknown. 

The primary barriers and possible corresponding origins are compiled into two categories: those originated 
from fear of risk and unknown; and those originated from fear of loss of efficiency and order. 

2.3  Solutions  to  Overcome  Innovation   Barriers 
Ultimately the solutions to overcome innovation barriers must come from overcoming the fear of change, a 

subject of modem interest. One effective way to overcome fear of change may be the theory of fifth discipline by 
Senge (1990). Due to the limited scope of this study, only the empirically observed solutions are discussed below; 
however, their overall consistency with Senge's theory can be established. 

2.3.1 Fostering a  Creative and  Intrapreneurial  Climate 
To create an innovator's creative environment, Manin (1984) gave several essential ingredients. These 

ingredients combined with Pinchot's (1985) description of a leader and Quinn and Mueller's (1963) policy toward a 
motivational environment are synthesized below: 

-clearly state the vision of the company's future to focus employees' energy on creating innovation 
that directly relates to the strategy of the company 

-convey clear perspective of creative person's role in the entire organization 
-minimize barriers to intra- and inter-organizational communications 
-provide more autonomy to innovators and challenge them to produce timely creative solutions 
-replace ineffective controls by delegation of more responsibility to one closest to customers 
-look at every level for innovation, be receptive and responsive to individual's ideas, and show 

interest, recognition and appreciation of their efforts, 
-tolerate productive nonconformist's style. 

2.3.2 Attributes   of  Innovative   Organizations 
Peters and Waterman (1982) observed common characteristics of excellence among 43 of 62 highly regarded 

U.S. companies and summarized that companies that are successful in technological innovation appear to possess 
following common conditions: 

•Shared core values that define the corporate culture 
-many anecdotal stories helping to define, convey and maintain shared values 
-create a sense of highly valued purpose 
-create ability to extract extraordinary achievements from large numbers of people 
-culture that supports the priority attached to technological innovation 



•Creative environment 
-people oriented 
-respect for individual and ability to achieve extraordinary results-creativity encouraged 

from all employees 
-not a hire-and-fire company 

•Customer-oriented 
-obsessively concerned with quality, reliability and service 
-tailoring products to specific market niches 
-simultaneously engaging in technology and market monitoring 
-technological planning integrated with business planning 

•Well led but decentralized with lean staff and simple form 
-rigidly controlled and directed but at the same time encouraging 

autonomous entrepreneurship and innovation 
-aggregated small independent groups 
-flexibility and fluidity maintained by frequent reorganizations 

of project teams, task forces and innovative ventures 

•Stay in the technology-market segments within which they achieved excellence 
-top management have technical backgrounds 
-know limitations 

Quinn (1979) summarized that achieving large-scale innovation would need the following elements: clearly 
defined need and shared common goal; strong incentive for successful development; promote multiple competing 
approaches and tolerate resulting chaos; user-customer oriented; technical excellence; long time horizon; reward 
innovation; and top-level risk-taking support. Arthur Young's (1985) survey compiled the following key elements 
for innovation management: continued top management commitment; clear-cut objectives and processes; reward 
systems of innovation efforts, for example, reward risk-taking and reduce fear of failure; attention to customer needs. 

3. Methodology 

3.1   Underlying   Framework 
From the formulation of the conceptual building blocks discussed in the preceding section, a framework of 

the survey questionnaire can be established. Looking at only the major components, one can formulate a conceptual 
model describing the interrelationship among innovator, intrapreneur, barriers, and changes necessary to transform 
innovation into competitive advantages. The complex interaction among forces that stimulate change—divergent- 
convergent thinking and creativity, origins for barriers erection, organization reaction and changes, and 
innovation—can be depicted in a simple schematic (figure 3.1), which conveys the essence of the survey 
questionnaire. Changing environments exert external or internal forces that stimulate the organization to change. 
These forces stimulate the tension between divergent and convergent thinking. An organization climate nunuring 
divergent and convergent thinking promotes sources of creative thinking that may evolve into inventions. The 
contrast between intrapreneurs' and large establishment's values and norms also create tension. This tension erects 
barriers and works as a sink of creative thinking. Two barrier blocks result from fear of the unknown and risk and 
fear of giving up efficiency and order. Both barriers are built on fear of change. The few inventions turned into 
innovations that eventually overcome barriers may be transformed into competitive advantage. 

The prioritized list of barriers to innovation and intrapreneurship based on the composite understanding is 
summarized in section 2.2. This is the basis for questions of barriers. All special terminology is removed and 
additional barriers are elicited from respondents. The objective is to establish a prioritized list from respondents so 
that it can be compared with the original list and to enhance its accuracy by including the additional barriers. 

Questions of origins of barriers based on the list presented in section 2.2.1 and 2.2.2 are then listed. The 
objective is again to obtain a prioritized list of origins of barriers, and to allow correlation with the responses with 



respondents of high tendencies toward either the innovators-intrapreneurs or the organization management 
establishment. 
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Figure   3.1   Conceptual  Interrelationship   among   Creative   Thinking,   Innovator,   Intrapreneur, 
Origins   of Innovation   Barriers  and  Competitive  Advantage 

Questions of possible solutions to overcome the barriers are formulated from the list presented in section 
2.3. and are primarily based on Manin (1984) and Pinchot (1985)'s observations. The questions of possible 
solutions to innovative barriers are grouped into three major questions: how to foster a creative climate (section 
2.3.1); how to develop an ideal entrepreneurial environment (section 2.3.1); and how to establish an intrapreneurship 
program (section 2.3.2). The responses to the questions are measured on a numerical scale to allow numerical 
correlation analysis. 

Questions to innovators and intrapreneurs are based on the composite list discussed in sections 2.1.1 and 
2.1.2. All questions are designed to provide a numerical scale to measure the tendency of the respondents to be an 
innovator or an intrapreneur. 

Questions to organizational management are based on composite understanding presented in section 2.1.2. 
All questions are designed to provide a numerical indication of the tendency of the respondents to be advocates of 
organizational values and norms. 

3.3   Analysis   Methodology 
The survey responses were input to an Excel spreadsheet with each response to a question assigned a 

numerical value. This is made possible by the design of the questionnaire. The first step is to sum all the responses 
about the barriers. Then the origins of each barrier were summed to obtain a prioritized list. Similarly, the same was 
carried out for solutions to barriers. The responses to the questions from innovators and intrapreneurs, and those from 
organizational management were plotted on a diagram to segregate the tendencies of respondents. The high tendency 
respondents were categorized into two groups: innovators and intrapreneurs, and status quo establishment. Their 
responses about the barriers were plotted, in histograms, against each other to bring out the difference in perspective 
and compared with the common understanding of the difference in terms of values and norms. The high tendency 
group responses were also correlated with the published list of attributes to confirm their accuracy. 



3.4   Summary   of  Methodology 

In summary, the methodology steps applied here are presented in the diagram shown in Figure 3.2. The 
innovation process, roles of innovators, entrepreneurs, and intrapreneurs in a business cycle are defined. The values 
and norms of innovators and intrapreneurs were contrasted to bring out the tension factors. From tension factors, the 
major barriers were identified and the origins were compiled from literature. The survey questionnaire was designed 
based on the framework established, and the survey was conducted. The questionnaire results were compiled to 
prioritize the significance of the barriers, the origins of barriers, and possible solutions. These results were compared 
with a prioritized list obtained by previous investigators. The results were analyzed to determine if there is any 
correlation among significant barriers, origins of barriers, and rectifying solutions. The responses were segregated 
into two groups; those having intrapreneurial tendency and those having status quo tendency. The differences in 
perception from the intrapreneur's and status quo's viewpoints were correlated with their prioritized significance list 
of barriers, origins of barriers, and preferred solutions to rectify the barriers. 
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Figure   3.2   Methodology   Overview 



4. Survey Questionnaire Results 

4.1 Respondent   Statistics 
Altogether, 300 questionnaires were sent to a Navy technology and systems development organization, 

henceforth to be referred to as NTSL, in January 1994. Selection of recipients was based on the recommendations of 
the heads of ten technical departments. The intention was to obtain as random a distribution as possible in terms of 
recipients' educational level, years of service at NTSL, type of position, and importance of innovation to present 
job. 

Statistics of the respondents are given in Meng (1994) in terms of educational level, years of service in a 
similar line of business, job responsibility, and number of employees supervised. 

4.2 Segregation  of Respondents into High  Intrapreneur and Status Quo Tendency Groups 
Certain survey questions were designed to detect a high tendency toward intrapreneurship. Similarly, another 

question was designed to detect a high tendency toward advocating status quo. The total score of responses to each 
question were tallied, and the mean and variance of the entire sample were determined for each question. The response 
scores were offset by the mean and normalized by the variance. This offset and normalization was intended to bring 
out relative tendency rather than absolute tendency. The absolute tendency may be impossible to obtain, and even it 
existed, it would be meaningless for subject analysis. The indicators thus obtained were defined as the "intrapreneur" 
and "status quo" indicators. The tendency of each respondent was uniquely represented by a set of indicators on a two- 
dimensional intrapreneur-status quo tendency indicator map. Distribution of all responses in terms of the intrapreneur 
tendency indicator and status quo indicator are shown in the intrapreneur-status quo tendency map below. 

As is shown in figure 4.1, the 119 responses clustered around the center (0.,0.). There is no particularly 
distinct pattern of the distribution. It appears to be uniform throughout the entire map without clear tendencies 
towaid either intrapreneur or the status quo. This map suggests an obvious criterion to segregate intrapreneurs from 
those advocating status quo. Responses having high intrapreneur indicator value, greater than 0. and low status quo 
indicator value, 0., in the lower right corner, are defined as the high intrapreneur tendency group. As is countable 
from the figure, 27 respondents are in this group. Similarly, the upper left corner responses, with intrapreneur 
indicator value less than 0. and status quo indicator value greater than 0., are defined as the high status quo tendency 
group; 26 high status quo respondents are in this group. 
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Figure  4.1  Respondents'  Tendency  on  Intrapreneur-Status  Quo  Indicator Map 
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Since all rated significance is done on a relative basis, not all respondents can be considered intrapreneurs. 
the definition of intrapreneur being arbitrary: There is an obvious question about how the threshold values are 
determined for high tendency groups. This issue is addressed here. With threshold being (0.,0.), 237r(27 out of 115) 
of all respondents fall into the intrapreneur group. Raising the threshold to (0.5,-0.5) reduces the number of 
intrapreneurs to 21. Similarly, raising the threshold for the high status quo group reduces number of high status quo 
group count to 13. Since one of the objectives is to bring out the most salient features of both groups rather than to 
replicate known facts in literature, it is thought that smaller high tendency groups are likely to bring out sharper 
contrasts. However, given the overall small sample size, the statistical significance of a smaller high tendency group 
needs to be investigated first. The major statistics, t-test and correlation coefficients, for these two groups are 
summarized in the table below. 

Innovation  barriers 
versus   statistics   of  high 
intrapreneur and status 
quo  groups 

intra n = 27 status 
quo 

n=26 t-test 

P- 
value 

correlat 
ion 
coeffici 
ent 

mean stdev confide 
nee 
level 

mean stdev confide 
nee 
level 

Threat to individual 
power 

4.56 2.12 0.80 3.69 1.62 0.62 0.049 0.15 

High  Individual  Risk  of 
Failure 

3.89 1.63 0.61 3.88 1.58 0.61 0.496 -0.25 

Reluctance  to  Enter New 
Field 

4.70 1.84 0.69 5.12 1.34 0.51 0.178 0.05 

Predominant 
Commitment to  Current 
Products 

4.93 1.49 0.56 4.73 1.46 0.56 0.315 -0.23 

Inadequate Cross- 
Functional   Understanding 

4.48 1.45 0.55 4.85 1.32 0.51 0.171 -0.23 

Information   Unavailable 
to   Decision-Makers 

4.15 1.73 0.65 3.96 1.40 0.54 0.334 0.02 

High   Cost  of Gaining 
Market  Acceptance 

4.23 1.80 0.68 4.00 1.77 0.68 0.320 0.28 

As can be seen, there are differences between the responses from the two high tendency intrapreneur and 
status quo groups. If responses from these two groups were totally at odds with each other, the correlation 
coefficients would be -1, and t-test score would be 0. The mean, standard deviation, confidence level, t-test 
probability, and correlation coefficients can be compared. The statistical significance of the responses is represented 
by the value of t-test results; a number on the order of 0.05 or smaller is desirable to establish the probabilistic 
likelihood that responses from two groups have distinctly different probability distributions. The high t-test score 
due to small sample size is a fundamental limitation. To reduce by an order of magnitude in t-test score, accordingly 
to the weak law of large numbers, the number of sample n must be increased by one order of magnitude, a size 
beyond the means of the present study. 

To assess the effects of varying the sample size of the high tendency groups, the thresholds were increased 
from (0.,0.) to (0.5,0.5); the results are summarized below. 

smaller   sample   statistics intra n=21 status 
quo 

n = 13 

mean stdev confide 
nee 
level 

mean stdev confide 
nee 
level 

t-test 

P- 
value 

correlat 
ion 
coeffici 
ent 
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Threat  to  individual 
power structure 

4.48 2.14 0.81 4.00 1.53 0.59 0.205 0.10 

High  Individual  Risk of 
Failure 

4.10 1.70 0.64 4.08 1.44 0.55 0.485 -0.35 

Reluctance to Enter New 
Field 

5.00 1.55 0.58 5.38 1.04 0.40 0.163 -0.24 

Predominant 
Commitment  to  Current 
Products 

4.90 1.58 0.60 5.00 1.22 0.47 0.404 -0.27 

Inadequate  Cross- 
Functional   Understanding 

4.62 1.40 0.53 5.38 1.19 0.46 0.044 -0.01 

Information   Unavailable 
to   Decision-Makers 

4.38 1.53 0.58 4.31 0.95 0.36 0.415 0.03 

High  Cost of Gaining 
Market  Acceptance 

4.45 1.67 0.63 4.15 1.68 0.64 0.280 0.54 

Comparing the results of the above two tables, one finds little impact on intrapreneur group statistics, for 
the reason that the sample size decreases only slightly from 27 to 21. While significant differences are seen in 
statistics of responses from the high status quo group, for which the sample size is reduced from 26 to 13. As a 
result, t-test results are not better than the larger sample case. The means are higher, variances lower, confidence 
narTOwer(sharper probability distribution for lower confidence level). But the advantage of a smaller variance is offset 
by a smaller sample size. Judging from these results, segregation of responses into smaller groups using the higher 
thresholds will not improve the statistical significance, as indicated by the t-test results, and therefore will not be 
pursued. 

Statistics from each group were contrasted to bring out the similarities and differences from the two high 
tendency groups. The ability to segregate responses from these two dichotomy groups is a key objective and a unique 
design feature of the questionnaire survey. Furthermore, since all responses were numerically rated and subsequently 
coded, it allowed statistical and correlation analyses be carried out expediently. 

Complete analysis and interpretation of survey results are given in Meng (1994). 

4.2  Summary   of Survey   Results 
Based on the analysis of survey responses, major results are summarized in this section. There are two types 

of results. First, the prioritized innovation barriers and the most probable underlying origin of the barrier. Second, 
the preferred approaches toward an innovation organization and tension factors between the two high tendency 
groups, and needed approaches to mitigate tension. 

Prioritized innovation barriers, the most probable underlying origin of the barrier, tension factors of 
statistical significance, and needed approaches are summarized in the table below. 

Prioritized   Innovation 
Barriers  in  Descending 
Order and the Most Likely 
Origin   of Innovation 
Barrier 

Tension   Factors   between 
Intrapreneurs and Status 
Quo Groups. Intrapreneurs 
identified   origins   of 
innovation  barrier that 
Status  Quo  group  disagree 
with 

Needs Approaches to 
Rectify   Innovation   Barriers 

Predominant Commitment to 
Current Products 
-insufficient investment 

fund 

-insufficient investment 
fund 

-focus too short term 
-lack organizational 

flexibilitv 

-stable discretionary 
funding over a long period 

-formation of cross- 
functional teams 
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Reluctance to Enter New Fields 
-need to invest in facility 

and infrastructure 

-need to invest in 
facility and 
infrastructure 

-perceived difficulty 
in obtaining top 
management approval 

-clear vision of future 
-clear communications that 

innovations at all levels 
are crucial to long-term 
viability of organization 

Inadequate Cross-Functional 
Understanding 
-over differentiation and 
compartmentalization 

-lack opponunities for 
decision-makers to learn 
about innovation 

-more opportunities of 
interaction with 
decision-makers 

Cost of Gaining Market 
Acceptance too High 
-high start-up cost 

none, means agreement among 
respondents 

none 

Information Unavailable to 
Decision-Makers 
-inadequate internal 

communications 

-inadequate internal 
communications 

-reduce communications 
barriers 

Risk of Failure 
-low incentives for 

risk-taking 

-reflection of 
establishment's 
short-term view 

-reward to entrepreneur 
risk-taking 

-acknowledgment of 
mistakes are part of 
learning 

Threat to Individual Power 
Structure by the Proposed 
Innovation 
-innovation out of scope of 

organization charter 

-expose organizational 
lethargy 

-clear communications that 
innovations at all levels 
are crucial to long-term 
viability of organization 

Looking toward the future, the needed approaches to reduce innovation barriers are based on known practices 
of innovative organizations. However, the preferred approaches and another set of tension factors are summarized 
below. 

Future   Innovation Preferred  Approaches Tension   Factors   between 
Programs Intrapreneurs and Status 

Quo Groups.  Intrapreneurs 
identified   origins   of 
innovation  barrier that 
Status  Quo group  disagree 
with 

Fostering Creative Environment -Recognition and -tolerance to productive 
Appreciation of innovation nonconformists 
at all levels 

-clear vision of future 
-clarify innovator's role in 

organization's future 
-reduce communications 

barriers 
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Developing Entrepreneurial 
Environment 

-hands-on not hands-off, 
cross-functional teams 
should move downstream 
with the innovation project 

-reward intrapreneur with 
recognition and growth 
career path 

-provide long-term 
discretionary funding with 
less administrative 
oversight 

-free from cross-functional 
barriers 

-innovators self-selection 
-innovators self- 
- determination 

Intrapreneurship Program -seed money to innovators 
-frequent use of cross- 

functional teams 
-establish a prototype 
intrapreneurship prosram 

-hiring should consider 
entrepreneurial quality 

The survey questionnaire was built upon the conceptual framework of the life cycle from invention to 
innovation and to competitive advantages, and the basic building blocks of creative thinking, contrast in the values 
and norms, and the fear of change. The survey results presented here show that all tension factors, without exception, 
originate from the contrast in the values and norms of the two high tendency groups. These contrasting differences 
can be traced to fear of change. The theoretical framework presented in Figure 3.1 is therefore established, although 
its validation will entail further analysis and empirical tests. The essence of the framework is simplified and 
presented below. One may observe that the entire innovation barrier issue is related to the issue of management of 
change. This observation can be a basis for more structured analvses in the future. 
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5. Conclusions and Recommended Future Research 

The major results of the survey are threefold. First, the seven major innovation barriers are prioritized in 
accordance with the rated significance level. Second, the most likely origins for each innovation barrier are identified. 
Third, the tension factors that may have caused the innovation barriers are identified. These results are useful, in 
terms of setting priorities, for any large organization interested in enhancing its rate of innovation. 

The prioritized list of innovation barriers and their most likely origin are summarized here in descending 
order of significance: predominant commitment to current products due to insufficient investment funds; reluctance to 
enter new fields due to need to invest in facility and infrastructure; inadequate cross-functional understanding due to 
over-differentiation and compartmenlalization; cost of gaining market acceptance too high due to high start-up cost; 
information unavailable to decision-makers due to inadequate internal communications; risk of failure due to low 
incentives for risk-taking; threat to individual power structure by the proposed innovation due to the fact that 
innovation is out of the scope of the organization's charter. The fact that "risk of failure" and "threat to individual" 
barriers are rated to be the two least significant barriers may be a reflection of the NTSL culture and the innovation- 
interest sample. 
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Tension factors between intrapreneurs and status quo groups are defined to be the major origins of 
innovation barriers that intrapreneurs have identified but with which the status quo group strongly disagree. Tension 
factors in descending order are: insufficient investment fund; focus too short-term; lack of organizational flexibility; 
overstated need to invest in facility and infrastructure; overstated perceived difficulty in obtaining top management 
approval; inadequate internal communications; reflection of establishment's short-term view; and exposure of 
organizational lethargy. All the tension factors can be traced to the contrast in values and norms between innovators 
and the status quo group, thus confirming the real need, no longer a theoretical expectation, for management to 
attend to the contrast. Establishing this causal relationship statement is the most important result of this study. 

Although the survey responses have provided meaningful results, there are several areas for future 
improvement. First, the selection of sample must be from a number of organizations, vice from only one, to obtain 
more statistically significant contrast between the intrapreneurial and status quo groups. Second, the survey questions 
should be more carefully designed to confirm the reliability of the true meaning of the responses. In other words, 
questions from several different views driving toward the same object should be formulated to ensure that the 
responses are truly and reliably represented. Third, sample size should be at least a factor of two to three larger to 
allow more detailed statistical analyses. 
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ABSTRACT 

Shifting paradigms from capturing to nurturing living marine 
resources require continuing cooperation among the industry, 
academia, government, and non-government entities.  Both 
management and technological competence must be tapped, and 
the UJNR Marine Facilities Panel can play a pivotal role to 
enhance the cooperation from now on, in cooperation with the 
UJNR Aquaculture Panel's activities.  Ocean acoustics and 
optics; remote sensing of temperature and color; platform and 
buoy innovation; coastal and civil engineering (civil cosmos); 
genetic engineering and pathobiology in reference to sea-farming 
and sea-ranching are some of the needed matrices the 21st century 
fisheries engineering require. 

INTRODUCTION 

A unique opportunity to streamline cooperation among 
industry and commerce, academia, and the government with 
budgetary preparedness and pooling human talent and wisdom, 
intellectual property, are looming in the field of fisheries 
engineering in the 21st century.  As such, I solicit an active 
participation of the UJNR (U.S.-Japan Natural Resources) Marine 
Facilities Panel to initiate a continuing dialogue on the 21st 
century fisheries engineering cooperation as part of the panel's 
future undertaking. 

Unlike the present fossil-fuel industrialization, fisheries 
in principle are sustainable for many generations to come. 
Furthermore, the enhancement of fisheries engineering is 
economically important to both the United States and Japan in 
the field of international trade.  For instance, the U.S. fishery 
trade deficit in 1993 was $2.8 billion (National Marine Fisheries 
Service, 1994).  Japan, too, imports much:  it was $1.7 billion 
in 1992, the second largest import item after crude oil and 
natural gas of $3.8 billion in that year (Japan Fisheries 
Agency, 1993).  About one-third of the total Japanese seafood 
is imported. 



My vision of the 21st century fisheries engineering is 
similar to that of the agricultural engineering that has been 
enabling people to establish a stable human community for over 
a century.  Agriculture, forestry, and fisheries are producers 
for humanity, and they are sustainable, supporting the welfare 
of future generations, adding fresh energy into the populace, 
and keeping the global ecosystem alive. 

THE WORLD BIOMASS 

In his thought-provoking book entitled "A History of 
Knowledge," Charles Van Doren (1992) offers a table of "the World 
Biomass" on page 393 (Table 1).  His first-order estimate shows 
that human beings at 5 billion weigh 250 million tons.  Plants, 
primary producers, are estimated at 70 billion tons, and animals, 
including humans, at 2 billion tons.  People already occupy over 
10% of the total land animal weight.  Since animal husbandry is 
an anthropogenic endeavor, over 90% of land animals are people- 
controlled, which in turn impact the current issue of maintaining 
a healthful biodiversity on earth.  Since our global ecosystem 
changes, Van Doren's estimate will be modified as we quantify 
the various components of the global biomass and their dynamics 
in time and space. 

The sun's energy reaching the surface of the earth begets 
primary production.  Pauly and Christensen (1995) give a synopsis 
of what we know and deduce.  According to them, global primary 
productivity generates about 200 billion ton dry weight of 
biomass a year.  This is an input vector.  Of this, 59% is 
produced in terrestrial ecosystems, agriculture included, and 
the rest in aquatic systems.  About 35 to 40% of the terrestrial 
productivity is used by man as food, fiber, animal feed, etc. 
Some will enter the ocean as organic matter, which, too, is an 
energy vector the ocean receives.  In 1972, the late Professor 
Robert M. Garrels had asked me a profound question:  "Is the 
ocean oxidizing or reducing?"  I then and still even today 
could not and cannot answer it quantitatively.  Simply stated: 
"Is the ocean a net producer or a net consumer?" 

PRIMARY PRODUCTION REQUIRED BY FISHERIES 

The United Nations Food and Agriculture Organization (FAO), 
Roma, Italy, issues the FAO Year Book annually.  Utilizing its 
1993 Year Book information, Pauly and Christensen (1995) give 
the following summary: 

"The mean of reported annual world fisheries catches for 
1988-1991 (94.3 million tons) was split into 39 species 
groups, to which fractional trophic levels, ranging from 1.0 
(edible algae) to 4.2 (tunas), were assigned, based on 48 
published trophic models, providing a global coverage of 
six major aquatic ecosystem types.  The primary production 
required to sustain each group of species was then computed 
based on a mean energy transfer efficiency between trophic 



levels of 10%, a value that was re-estimated rather than 
assumed.  The primary production required to sustain the 
reported catches, plus 27 million tons of discarded bycatch, 
amounted to 8.0% of global aquatic primary production, 
nearly four times the previous estimate.  By ecosystem type, 
the requirements were only 2% for open ocean systems, but 
ranged from 24 to 35% in fresh water, upwelling and shelf 
systems, justifying current concerns for sustainability 
and biodiversity." 

As given in the previous section and above, since 3 5 to 4 0% of 
the terrestrial primary productivity is used by man, and since 
the reported catches from inshore and nearshore waters require 
24 to 35% of the primary production, our inshore fisheries are 
rapidly approaching the upper limit of what the sun cai} provide 
for humanity.  Conversely, only 2% of the open ocean's primary 
productivity is utilized by fisheries (Pauly and Christensen, 
1995).  Judicious sea-ranching, such as Japanese sardine ranching 
in waters between the Japanese island chain and the Kuroshio 
axis, considered by the Mitsubishi Heavy Industry, Nagasaki, 
is a plausible and laudable undertaking in theory (personal 
communication, Professor Takashige Sugimoto, University of 
Tokyo, phone 81-3-5351-6511, FAX 81-3-3375-6716, internet: 
sugimoto@trout.ori.u-tokyo.ac.ja).  Satellite remote sensing, 
such as by the Japanese new OCTS (ocean color and temperature 
sensors), to determine the patches of phyto- and zooplankton 
blooms and introduction of the needed ichthyoplankton, oceanic 
Japanese sardine, into the plankton patches, will ensure the 
integrity of the sardine year class, which is a needed first step. 

The 21st century fisheries technology requires sophisticated 
remote sensing capability as well as real-time information 
dissemination to realize its goals.  Remotely controlled offshore 
structures, too, will enhance future technology.  Already 
available structures, such as unused oil rigs, can be recycled 
for innovative fisheries endeavors. 



Table 1.  The world biomass, from "A History of Knowledge" by 
Charles Van Doren, Ballantine Books, April 1992 (from page 
393) 

Biomass 
Million 

tons 

Human beings (five billion persons) 250 

Animals 
Livestock:  cattle 52 0 

sheep, goats, etc. 75 
hogs 100 
chickens, ducks, geese, etc. 10 

Pets 5 
Large wild animals (lions, eagles, whales, 

aardvarks, mustangs, elephants, etc.) 10 
Small wild animals (rats, mice, frogs, toads, 

worms, etc.) 15 
Insects, bacteria, etc. 15 
Fish and crustaceans 1,000 

Plants 
Crops 2,000 
Other land plants 8,000 
Trees 39,000 
Seaweed and other aquatic plants 24,000 

Total biomass of earth 75,000 



THE U.S. EFFORT 

In the United States, the National Marine Fisheries Service 
(NMFS) is mandated by the Magnuson Fishery Conservation and 
Management Act to carry out specific fisheries research 
activities (Table 2).  The act also spells out that the national 
standards on the fishery conservation and management measures 
must be based upon the best scientific information available. 
Therefore, NMFS is mandated to carry out research activities, 
to provide the best scientific information for the national 
fishery management program (Title III of the act).  This requires 
continuing effort to innovate, operate, synthesize, and deliver 
scientific findings timely.  Concomitant and cost-effective 
technological improvement is essential to carry out the intent 
of the act.  The technological improvement requirement covers 
gathering of emerging, novel technological information worldwide; 
its effective application to the act, and finding a way to engage 
in the needed technology development via the most effective way, 
be it outsourcing or in-house research and development.  The 
challenges NMFS faces are formidable, requiring a new paradigm 
to establish a functioning network with industry, academia, and 
the military via timely application of declassified technological 
information, nationally and internationally (especially in 
the fields of oceanic acoustics and optics), and continuous 
and vigilant surveillance on emerging domestic and foreign 
intellectual properties.  High-speed computing and application 
of satellite-generated information are equally essential. 

The fisheries research activities mandated by the act are 
specific and expansive.  The five areas in the act that require 
NMFS ships and other platforms are as follows: 

(1) Abundance and availability of fish; 
(2) Biological research on the interdependence of fish 

stocks; 
(3) Pollution impacts on fish populations; 
(4) Wetland and estuarine degradation; and 
(5) Study of fish behavior. 

The U.S. Exclusive Economic Zone (EEZ) areas covered by 
the act are expansive and almost semi-global, from American Samoa 
near New Zealand in the southern hemisphere of the Pacific to 
Guam south of Japan to the Arctic Ocean north of Alaska and 
to the Virgin Islands in the Atlantic (Fig. 1).  Fundamental, 
synoptic survey of all the areas alone will require years of 
effort, even taking into consideration the available information 
generated by the global fishing community.  In addition, the 
physical dynamics of the oceans must be elucidated to 
intelligently decipher the fishery stock assessment information. 
The oceanic wind, current, temperature, primary and secondary 
productivity, oceanic ecosystem dynamics that include the 
predator-prey relationships, pollution condition, long-term 
climatic changes, and El Nino and La Nina events all contribute 
to the needed information synthesis.  Fisheries scientists in 



Figure i  Expansiveness of U.S. Exclusive Economic Zone 
(shaded areas) 
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NMFS thus must be conversant in the physical sciences, such 
as physical oceanography and meteorology, to understand why 
fishery stock assessment information varies in time and space. 
Overfishing, too, comes into the total picture.  Unfortunate 
habitat and nursery destructions in the nation's wetland and 
estuarine regions, too, fundamentally affect the fisheries. 
For instance, the recent demise of American shad is attributed 
to the loss of spawning grounds due to damming of rivers. 

It is time to reexamine economically the ongoing NMFS 
fisheries stock assessment efforts that require the time of 
research ships and other platforms.  Nevertheless, the ongoing 
effort cannot be abandoned abruptly with untested, and yet 
undeveloped, techniques and methods.  Ships are needed in the 
foreseeable future, and the life span of ships is not long 
(20 years in Japan, and 30 years in the United States).  We 
are now in the throes of transition.  Furthermore, the research 
fund appropriation is not plentiful, thus requiring the most 
innovative and cost-effective ways to carry out the intent 
of the act. 



Table 2.  Fisheries research, mandated by the Magnuson Fishery 
Conservation and Management Act as amended through 28 
November 1990. 

(1) Within one year after the date of enactment of the Fishery 
Conservation Amendments of 1990, and at least every three 
years thereafter, the Secretary* shall develop and publish 
in the Federal Register a strategic plan for fisheries 
research for the five years immediately following such 
publication.  The plan shall — 
(A) Identify and describe a comprehensive program with 

a limited number of priority objectives for research 
in each of the areas specified in paragraph (2); 

(B) Indicate the goals and timetables for the program 
described in subparagraph (A); and 

(C) Provide a role for affected commercial fishermen in 
such research, including involvement in field testing. 

(2) The areas of research referred to in paragraph (1) are as 
follows: 
(A) Research to support fishery conservation and 

management, including research on the economics of 
fisheries and biological research concerning the 
interdependence of fisheries or stocks of fish, the 
impact of pollution on fish populations, the impact of 
wetland and estuarine degradation, and other matters 
bearing upon the abundance and availability of fish. 

(B) Conservation engineering research, including the study 
of fish behavior and the development and testing of new 
gear technology and fishing techniques, to minimize the 
harvest of nontarget species and promote efficient 
harvest of target species. 

(C) Information management research, including the 
development of a fishery information base and an 
information management system that will permit the 
full use of data in the support of effective fishery 
conservation and management. 

(3) In developing the plan required under paragraph (1), the 
Secretary* shall consult with relevant Federal agencies, 
scientific and technical experts, and other interested 
persons, public and private, and shall publish a proposed 
plan in the Federal Register for the purpose of receiving 
public comment on the plan.  The Secretary* shall ensure 
that affected commercial fishermen are actively involved 
in the development of the portion of the plan pertaining to 
conservation engineering research.  Upon final publication 
in the Federal Register, the plan shall be submitted by 
the Secretary* to the Committee on Commerce, Science, and 
Transportation of the Senate and the Committee on Merchant 
Marine and Fisheries of the House of Representatives. 

•Secretary, U.S. Department of Commerce. 



In aquaculture, in comparison with Japan, the U.S. sea- 
farming and sea-ranching technology is in its infancy and 
expected to accelerate in the coming years.  Some novel 
approaches have been tested.  For instance, Willinsky and Champ 
(1993) report their experiments on a submersible fish cage. 

In addition, much classified information exists in the 
fields of ocean acoustics and optics.  They were used heretofore 
for the military, such as for antisubmarine warfare (ASW) and 
satellite sensor development.  As these data become declassified, 
their fisheries application will stimulate the growth of 
fisheries engineering considerably. 

THE JAPANESE EFFORT 

Japan's fisheries problems are many.  Both far-seas 
and offshore fisheries are waning, partly on account of the 
restrictions imposed on them by the 200 nautical mile (370 km) 
EEZ of many countries.  Another concern is that the fishery 
community in Japan is dwindling, from 320,000 in 1988 to 280,000 
in 1992, and aging (one-third of the fishermen were 60 years old 
or older in 1992).  In addition, Japan imports one-third of its 
seafood from abroad.  There is a joke in Japan that when the 
fishery import becomes greater than 50% of the total in-Japan 
consumption, the present Japan Fisheries Agency will become a 
part of MITI (Ministry of International Trade and Industry) as 
a Department or Division.  In the United States, NMFS already 
has been a part of the U.S. Department of Commerce for the 
past 25 years. 

On the other hand, Japan's nearshore, sea-farming, and 
inland fisheries are vigorously attended and improved with 
much patience.  Harvest has grown from 2 million tons in 1956 
to 3 million tons per annum in 1992, after numerous trials and 
errors, as given in the 30th year report issued by the Japan 
Sea-Farming Association (1993). 

In order to enhance their EEZ fisheries, the savants of 
Japanese fisheries established the Association for Fishery 
Development on 200 Nautical Miles Waters in Japan, Marino-Forum 
21, in 1985 to develop new technology, innovative fisheries 
engineering, to enhance their 200-mile EEZ fisheries.  I visited 
the Association on 26 May 1994 and was received graciously by 
Professor Dr. Akihiko Shirota, Technical Advisor to Marine-Forum 
21, who kindly briefed me on the overall activities of the 
Association.  What I recognized immediately-was the Japanese 
thoroughness to streamline the best of the academia, industry, 
and government (both local and national) to develop the needed 
fisheries engineering know-how to enhance their EEZ fisheries. 
Unfortunately, Professor Shirota requested my understanding 
to realize that most of the Association's activities are 
proprietary, and he was not allowed to disclose them to me, 
for their development funding comes from both the industry 
($9 million per annum) and government ($6 million per annum) 



for Japan to build its intellectual property rights, a sellable 
commodity.  Many industrial patents are actively developed, 
obtained, and held by the Association (neither industry nor 
government have them), especially that of high-technology and 
multi-purpose inventions.  I personally was much impressed by 
Japan's new consorted effort to sea-ranch kuro Maguro (kuro means 
black, and maguro means tuna in Japanese) in the Pacific Ocean 
off Okinawa.  To sea-ranch tuna is a formidable task, but Japan 
now has begun undertaking it. 

Sea-Farming strategy of Japan 

Japan approaches sea-farming by a matrix system, graded 
by the degree of difficulty and complexity, and by job division 
among fisheries co-ops, non-profit fishery foundations, Japan 
Sea-Farming Association, prefectural governments (state 
governments), and national government. 

The Marino-Forum 21 is one of the non-profit fishery 
foundations that does not have any government red tape, though 
partly funded by the national government.  Other non-profit 
foundations include Oversea Fishery Cooperations Foundation 
and Japan Sea-Farming Association. 

Sea-farmed fishery species are divided into three 
groups.  They are (l) highly migratory species, such as tuna, 
(2) migratory species, such as sea bream (a delicacy in Japan), 
flatfish, shrimp, and crabs, and (4) stationary species, such 
as abalone and sea urchins.  All of them are expensive seafood 
items in Japan.  The tasks to be carried out are also divided 
into three parts.  They are (1) basic and applied technology 
development, (2) industrialization, and (3) commercial operation. 

The majority of technological development is carried out 
by the local and national government entities, supported by the 
Japan Sea-Farming Association.  For sedentary species, local 
government entities, not national, engage in technological 
development.  For industrialization, it is interesting to note 
that the national government is presently earmarked to work on 
the difficult tuna sea-ranching.  For migratory species, local 
governments, non-profit fishery foundations, and fisheries 
co-ops all work together to industrialize it.  For sedentary 
species, only fisheries co-ops industrialize it.  For commercial 
operation, no entity is assigned for tuna sea-ranching yet. 
For migratory species, both non-profit foundations and fisheries 
co-ops are charged to carry it out.  Finally, for sedentary 
species, only the local fisheries co-ops operate it. 

The Japan Sea-Farming Association plays a pivotal 
coordinating role for the entirety of Japan, connecting the 
government, academia, fisheries laboratories, and various 
fisheries co-ops through local governments.  The fisheries 
co-ops, fishing community, are the recipients of the economic 
benefits of this focused, coordinated networking.  The Japan 



Sea-Farming Association also operates all 15 national 
fish-farming centers on behalf of the Japan Fisheries Agency. 
An additional tuna-farming center is under construction in 
Okinawa at present. 

The National Research Institute of Fisheries Engineering is 
located by the mouth of Tone River at Hasaki.  It was established 
in March 1979, and its construction completed in March 1993. 
Its main research programs are in the fields of (1) aquaculture 
ground engineering, (2) fishing port engineering, (3) fishing 
boat engineering, (4) development of instruments for fisheries 
survey, and (5) fishing gear and methods.  The institute had 
an annual operating budget of $9 million and staff of 63 in 
1992.  This expansive institute occupies 81,500 square meters. 
Many students come to work on their graduation theses (the 
Japanese school year ends the latter part of March; undergraduate 
students are required to produce a graduation thesis during the 
fourth year), thus to ensure the nurturing of a new cadre of 
workers for years to come. 

The institute's focused effort on the enhancement of 
aquaculture ground and of the amenity of fishing villages is 
noteworthy.  Improvement of fish reefs goes on.  Some water 
tanks are capable of varying waves, water flow, light and sound 
intensity, and hydrostatic pressure for simulation studies.  Some 
fish are now trained to associate being fed with artificially 
emitted sound.  The use of old cars to build fish reefs is not 
preferred due to the unpredictable movement of the cars, thus 
damaging nets and other aquaculture structures.  A Report to the 
Diet Assembly (Congress) from the Japan Fisheries Agency in 1993 
speaks of the importance of the enhancement of fishing village 
amenity, which requires a new kind of coastal engineering and 
civil engineering (the Japanese Society of Civil Engineering is 
now discussing to replace "civil engineering" to "civil cosmos," 
reflecting people's cultural values be enhanced in engineering 
endeavor). 

Artificial fertilization improvement for sea-farming 
goes on in Japan.  It is a cutting edge of genetic engineering. 
Similar to agriculture, sea-farming must ensure superb seed-stock 
hatching en masse; raise them away from predators when they are 
young and vulnerable, especially during the first two months or 
so; release them at suitable sites; continue to offer protection 
and enhancement in nature; and eventually harvest them. 

In Japan, the Seto Inland Sea was first used as a pilot 
sea-farming site in 1963 as a national government project, 
assisted by both the local government and the fishery community 
nearby.  In 1979, the non-profit Japan Sea-Farming Association 
was officially established.  In 1994, the national tuna sea- 
ranching center was built south of Kyushu. 



Ensuring a strong disease-resistant gene pool has been a 
formidable task, especially against detrimental vira.  Therefore, 
in sea-farming, marine pathology and fish genetics are two 
important fields to ensure profitable sea-farming.  Many pairs 
of parent organisms, 25 to 250 pairs, are considered to sustain 
a continuing, healthful gene pool. 

Reducing the mortality of fingerlings too is an important 
consideration.  Without protection, the survival rate for new 
fingerlings is very low; often, less than 10% of the original 
population survives 10 days.  The Sea-Farming Association's 
target is to maintain a greater than 50% survival at the end 
of two months by the progression of feeds suitable for optimal 
growth, from small to medium size zooplankton, and later minced 
seafood.  Feed technology, too, is a significant effort that 
Japan pursues. 

The Association for Fishery Development on 2 00 Nautical 
Miles Waters in Japan, Marino-Forum 21, is to develop Japan's 
21st century fisheries.  It was established in October 1985; 
it became a non-profit association under the Ministry of 
Agriculture, Forestry and Fisheries (MAFF) in July 1986. 
The goal of Marino-Forum 21 is to aim at the 21st century 
fisheries for Japan by establishing effective networks to 
enhance the technical capability of the fishery community and 
to foster the willingness of local governments and non-profit 
cooperations to further develop the fishery industry.  It will 
focus its activities within the 200 nautical mile EEZ of Japan 
by developing suitable fishery grounds, and by developing 
new technology needed to sea-farm and sea-ranch, and to offer 
stable and continuing seafood supply to Japan.  New technological 
development, 200-mile EEZ fishery potential survey and research, 
and its concordant information-gathering are some of its 
activities. 

Acoustic feeding is developed by Marino-Forum 21.  Flatfish, 
rockfish, and sea bream (similar to red snapper) ranching is 
being carried out at depths of 5, 10, and 57 m, respectively. 
All of them use automatic acoustic feeding devices attached to 
offshore platforms or buoys.  The sound source is at 30W, 150dB, 
300Hz, discontinuous.  The platforms and buoys are powered by 
both solar (200W or six 46.3W) and ordinary batteries.  Thermal 
and fish-school sensors are attached to the platforms and buoys. 
They are telemetered to the onshore command posts.  Training fish 
to associate a certain sound with feeding requires 40, 60, and 80 
days for flatfish, rockfish, and sea bream, respectively.  An 
interesting sideline is that wild fish too are concurrently being 
trained to associate the sound with feeding.  Attitudinal change 
among the local fishing community to recognize that sea-ranching 
is beneficial to the local economy, such as by concurrent eco- 
tourism and sport fishing, is an important dividend in addition 
to actual enhanced fishery yield. 



DISCUSSION 

Japan and the United States have been sharing a common 
heritage starting in 1868, when a group of Japanese farmers 
immigrated to Hawaii.  Our combined intellectual pool is 
second to none in the world.  Unlike the short-lived epoch 
of fossil-fuel exploitation in human history (Hubbert, 1973), 
technologically enhanced sea-farming and sea-ranching, in 
addition to well-regulated high-sea fisheries, both commercial 
and sport fisheries, can become a legacy our generation can leave 
behind for its progeny.  Economic competition goes on between 
Japan and the United States, sometimes furiously.  At the same 
time, our two countries are the leaders of maintaining global 
health.  We assist many countries in education and in mitigating 
natural disasters.  My view of unselfish cooperation in fisheries 
engineering in the 21st century by us, the two countries, is to 
believe in the future benefit for humanity, thus for the future 
of our progeny.  One day, I would like to see that sellable 
intellectual property developed by us be shared between us 
when necessary.  That "when" may come sooner than we expect. 
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Abstract 
A novel approach to mechanical fault diagnosis has been developed which is based on the application of 
advanced signal pre-processing and neural network classifiers. The technique does not model individual 
faults and trend the resultant metrics. Rather, a generalized feature vector is computed representative of 
the state of the mechanical system. Feature vectors are classified using neural networks. Specific faults 
can be identified in addition to novelty detection: i.e. the system is different from no-fault. This technique 
has been shown to generalize across mechanical systems of the same model and requires no trending. 
Results of fault diagnosis on electric motor driven shipboard fire pumps are presented. 

Introduction 

Traditional approaches to mechanical fault diagnosis involve examining the time waveform and/or power 
spectrum of machine vibration. The basis of these approaches is that a defect will cause the vibrational 
response to change from its normal state. A model of each defect type is used to predict how the defect 
will be reflected in the time waveform and/or power spectrum. For example, the presence of a certain 
spectral component, not seen previously, may indicate a degrading bearing. The significance of a spectral 
component, without a baseline, for comparison, is difficult to evaluate. 

Power spectra from two no-fault electric motor driven fire pumps are shown in figure 1. The upper plots 
display the radial acceleration on the motor side. The radial acceleration on the pump is shown on the 
lower plots. Comparing like spectra from two nominal healthy systems reveals major differences. On the 
motor end, Pump 15 has multiple spectral components in the bands 0-900 Hz and 2500-3500 Hz not seen 
in Pump 12. However the reverse is true above 6100 Hz. At the pump end, low frequency spectral 
components are more evident in Pump 15, while Pump 12 has bands of energy centered at 2100 Hz and 
3500 Hz not seen in Pump 15. In this paper we will describe a technique, to detect faults, which does not 
model the individual faults and does not require a baseline for comparison. The technique will be shown 
to generalize across mechanical systems of the model. 

Background 

The Navy's next generation of surface ships, Surface Combatant 21, mission need statement requires. 
"The ship must be automated to a sufficient degree to realize significant manpower reductions in 
engineering, combat systems, ship support and condition III watchstanding requirements." One way to 
achieve this goal is through condition based maintenance of mechanical systems. That is, automated 
monitoring and predicted time to failure will determine maintenance actions instead of performing 
maintenance at pre-determined time intervals. 

Consider the electric motor driven fire pumps found on all Navy ships. These pumps are evaluated at two 
month intervals by attaching triaxial accelerometers to the motor and pump and then collecting vibration 
data. Power spectra of the data are compared with base line data collected previously for each pump. 
Changes in the spectral content are trended. When the changes exceed pre-determined thresholds a 
component is determined to be defective. Due to a lack of real-time monitoring, the crew must perform 



qualitative checks. These consist of a crewman visiting each pump on an hourly basis and touching the 
pump to detect excess temperature and vibration. If an anomaly is found, quantitative vibration data is 
collected for diagnosis. This manning requirement is not consistent with the new Surface Combatant 21 
specification. 

The Naval Command Control and Ocean Surveillance Center RDT&E Division has been involved with 
advanced signal processing and pattern classification of optical, electromagnetic and acoustic emissions 
for many years. Recent efforts have led to the development of neural networks used for classifying 
undersea acoustic signals. These neural network classifiers show promise for real-time analysis of 
vibration signals. Because this neural network based analysis is inexpensive, installation on each 
mechanical system can be considered. This paper presents and application of these techniques to diagnose 
the condition of shipboard electric motor driven fire pumps. 

Electric Motor Driven Fire Pump System 

The right side of Table 1 displays the motor, pump and the triaxial accelerometer mounting positions from 
which the data was collected. The motor is a three-phase, 150 HP induction motor. The pump is a single- 
state, double suction volute pump. The data presented in this paper was collected during the normal two 
month maintenance assessment cycle on board the CV John F. Kennedy. The left side of Table 1 lists fire 
pumps numbered 9 through 24, the pump operating RPM, and the gross "fault" type. Two pumps (14,16) 
labeled as no-fault may contain slight faults. Each fire pump record is approximately 15 seconds long and 
consists of 6 channels sampled at 50,000 Hz. Accelerometers mounted radially, axially and tangentially 
(RAT) on the motor are labeled 1-3 respectively. Those on the pump are labeled 4-6. 

Table 1: Fire Pump Diagram and Fault Table 

MCTC = 

Pump No. 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

RPM 
3576 
3585 
3585 
3585 
3575 
3580 
3580 
3585 
3580 
3590 
3585 
3580 
3570 
3585 
3585 
3588 

Fault Type 
Pump Imbalance 
None 
None 
None 
None 
None 
None 
None 
Misalignment/Impeller 
None 
Bearing Wear/Misalignment 
Pump Imbalance 
Loose Bearings 
None 
None 
None 
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Pump Preprocessing 

The objective is to develop a diagnostic technique that requires no trending and generalizes across all 
mechanical systems of the same model. Various techniques were tried on this data including: poly- 
spectral, time frequency distributions and model identification techniques. Of all the techniques 
investigated, cross-channel coherence between any pair of pump-mounted accelerometers was found to 
best characterize the gross mechanical state of the systems archived in the Fire Pump Dataset. Intuitively, 
a defect-free pump will exhibit consistent repetitive vibration. Under these conditions the cross-channel 
coherence would be a maximum. A defect will tend to reduce the consistency of vibration and lower the 
coherence. This statistic is sufficiently robust to permit neural net classification. Therefore, we start with a 
brief review of the coherence function before presenting the resultant feature vectors and the net 
classification results. 

If two second-order, jointly wide-sense stationary random processes {*(')} and{>;(?)} admit stochastic 

Fourier representations 

with power spectra determined by dP^f) = E \dX(f)\ and dP%y(f) = EudY{f)\ and cross 

spectrum dP^f) = B dX(f)dY(f)   , the cross-coherence function is defined; 

z m    \pMf 

From Ref [1]: K^y/J is the "proportion of the power at frequency / in either time series   {x'(f)} or 

(•KOj which can be explained by its linear regression on the other." Thus, Kn[f) is an automatically 

normalized statistic with a well-developed threshold theory and false-alarm rate Ref [2]. In contrast, some 
power spectral techniques obtain a "normalization" by starting from a baseline case and periodically 
checking for deviations from the baseline. Moreover, such a series of measurements can be confounded by 
gain distortions between measurements such as mounting impedance, accelerometer types, etc. However, 
cross-channel coherence is "blind" to linear gain variations. More precisely, let /?(?) and g(/) denote two 

linear filters which produce distorted random processes {w(f)) and {v(/)] by convolution: 

"(0 = h* x(') = £ K* - rMO^r,     v(/) = g* y(t) = £ g(t - T)y(T)dr. 

Then£,„,(/) = K^f) at those frequencies/ for which H(f)G(f)*0. Thus, cross-channel 

coherence provides a normalized statistic mitigating the effects of gain variation. 

The main observation is that no-fault pumps tend to be associated with significant cross-channel 
coherence. Conversely, loss of coherence is associated with faults. This is seen in figure 2 presenting 



cross-channel coherence (radial and tangential accelerometers) for all fire pumps listed in Table 1. The 
frequencies range from 0 to 12,000 Hertz. The frequency bins are approximately 50 Hertz wide. The 
cumulative cross-channel coherence for each pump rather than the detailed structure of the coherence is 
the relevant parameter. In general, loss of coherence seems to be associated with a fault. The exceptional 
cases are Pumps 14,15 and 21. Table 1 states Pump 21 has loose bearings. Indeed, the characteristic 30 
Hertz harmonics are clearly evident in the power spectra of all channels but disappear after approximately 
1,000 Hertz as shown in figure 3. Thus, the harmonic structure is lost in the 50 Hertz bin size. Moreover, 
the relatively low frequency nature of this fault means that only the initial 20 bins out the 240 bins are 
affected. Therefore, this implementation of cross-channel coherence is likely to be "blind" to this fault. 
The cumulative cross-channel coherence of Pumps 14 and 16 is less than a no-fault pump but greater than 
pumps having a defect. This suggests Pumps 14 and 16 are in the initial stage of fault development. 

Fire Pump Classification 

Classification was performed with a multilayer perceptron neural network. The network has 240 inputs, a 
single hidden layer with 10 neurons, and 4 outputs corresponding to the 3 known fault classes and a no- 
fault case. Adaptive backpropagation was used for training. Decision levels greater than 0.5 marked no- 
faults while faults were registered at values less than 0.5. 

Training and testing used the 240 cross-channel coherence values computed between the radial and 
tangential accelerometers. Since the cross-channel coherence so clearly separates fault from no-fault, we 
focused on blind testing to evaluate the generalization of the network. Pumps 9 and 20 both have pump 
imbalance faults. Using Pump 20 for training requires that the network build a model of that fault. In 
testing with Pump 9 we can observe whether the network correctly generalizes from the training data to 
identify pump imbalance. The strength of generalization can be evaluated by training with Pump 16, 
which represents a marginal pump and observe how the trained net classifies Pump 14. Likew ise, the 
fault in Pump 21 should not be readily visible using 50 Hz wide bins when calculating cross-channel 
coherence. 

Figures 4-7 present the results of testing. For each pump, the cross-channel coherence is presented to a 
previously trained network and the neuron output level is plotted. Multiple testing epochs are displayed in 
each figure. Neuron output levels for each pump are connected to aid in visualization. No-fault pumps 
register numbers greater than 0.5, pumps with defects register less than 0.5. 

Figure 4 displays the results of classifying the pumps as fault/no-fault. The network was trained on data 
from all pumps except 9 (pump imbalance), 14 (marginal fault), 21 (loose bearings) and 23 (no-fault). 
Pump 16 was considered no-fault for this training. Holdout pump 9 is correctly classified as bad. As 
expected from its coherence plot, holdout Pump 14 is classified as bad. Pump 21 is classified as no-fault, 
which is actually correct since a loose bearing fault cannot be detected using wide-bin coherence. Holdout 
Pump 23 is correctly classified as no-fault. 

Figure 5 displays the classification on the pump imbalance (Pumps 9 and 20). The net displays significant 
variation in classifying holdout Pumps 9 and 14 but the 0.5 threshold is not crossed. 

Figure 6 displays the classification on the impeller misalignment (Pump 17). As expected, Pump 17 is 
classified with this fault but holdout Pumps 9 and 14 are also crossing the 0.5 threshold level. Thus the 
net can use the coherence feature vector to classify imbalance and misalignment faults but does not 
strongly separate these two conditions. 

Figure 7 displays the classification on the bearing wear/misalignment and clearly classifies Pump 19. 
Holdout Pump 9 is exhibiting significant variation but the 0.5 threshold is not, crossed. 



Comparing the holdout pumps across the figures, we see that Pump 9 has a mean Fault/No Fault 
activation level of 0.1. While Pump 9 was correctly classified as a bad pump, none of its fault activation 
levels fall below our 0.5 fault decision threshold. Since that net produced a weak fault-specific 
classification of Pump 9, but strongly classified Pump 9 as a generalized fault, it infers the net has 
conjunctly taken weak features from all fault classes to make a strong categorical fault/no-fault decision. 
While Pump 14 classified as a no-fault pump, inspection of the cross-channel coherence indicates it is 
probably a marginal pump. Indeed, the net is classifying Pump 14 as a bad pump with a probable 
impeller/misalignment fault (mean level of 0.35). While Pump 21 has loose bearings, the preceding 
discussions indicates this narrow-band fault should be lost in the wide-bin cross-channel coherence. No 
mean activation levels are less than 0.9. Likewise, Pump 23 is also correctly identified as a no-fault pump. 

Summary 

This implementation of cross-channel coherence is aimed at generating a wide-band, wide-bin detection 
statistic sufficient for reliable neural network classification of shipboard fire pump mechanical health. 
While a visual inspection of the coherence and the holdout experiment clearly shows an association of 
faults and a loss of coherence, our closing remarks note two limitations of this approach. First and 
foremost is the paucity of data to properly assess any classifier — linear or neural. Currently, this fire 
pump data set is limited as a population to estimate the classifier's performance statistics and strength of 
generalization. The population consists of only 16 pumps. The. 11 no-fault pumps also contain some 
marginal pumps. Of the 5 defective pumps, only pump imbalance appears in 2 fire pumps. The remaining 
defect types are represented by a single pump. Clearly, the fire pump data base needs to be expanded. 
Therefore, efforts are underway to acquire additional vibration data. This expanded database will permit 
an assessment of the coherence statistics. We also plan to acquire vibration data over a significant period 
of time. The time dimension is necessary to provide a time-to-failure estimate required by shipboard 
operations. The loss of coherence as a function of time should be useful in estimating time-to-failure. The 
second problem is to migrate these processing techniques to Navy ships. The difficulties in adding 
additional systems to Navy ships are recognized. To meet this problem, we will also be acquiring motor 
current data simultaneously with the vibration data. It is our conjecture that some common defects of the 
fire pumps will register in the current. Current monitoring permits non-invasive, remote monitoring of the 
fire pump systems. Such a low-cost, non-intrusive monitoring system should reduce the man-power 
requirements currently devoted to the fire pump maintenance onboard ships. 
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Figure 1: Power Spectra from No-fault Fire Pumps 12 and 15 
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HAZARD AVOIDANCE SONAR 

Ships' crews have long had to accept intermittent and inadequate sensor performance under 
the very circumstances when sensor performance is most vital to safe and efficient ship navigation. 
More specifically fog, rain, snow, high sea states, etc. often occur when the need for accurate 
information is the greatest, in close proximity to land and in high traffic conditions. Yet, 
information from current sensors presents an ambiguous or misleading picture to bridge 
watchstanders, leading to navigational mistakes and accidents. 

In addition, the pursuit of increasingly scarce natural resources is forcing ships into ever more 
hazardous environments, at the same time the cost of an environmental cleanup, the loss of 
operating revenue and the high replacement cost of ships are increasing the criticality of the 
accidents to governments, commercial shipping companies and to insurance companies. 
Moreover, public concern over ship traffic in environmentally sensitive areas is increasing the 
pressure on the industry to demonstrate positive steps to improve safety. 

An affordable navigational sonar would significantly enhance the safety of ship operations, 
particularly in hazardous environments such as near land and in iceberg waters. Only a sonar can 
provide a coherent picture underneath the surface of the water far enough in front of the ship to 
permit a warning of hazardous conditions in time to take corrective action. Radar only provides 
inferential information concerning the bottom by showing land masses and large navigation aids. 
Information provided by a depth sounder is almost historical in that it indicates how much water is 
under the keel at a given moment, and offers only limited information about shoaling ahead. 
Charts (even in conjunction with global positioning) can only provide historical information 
concerning bottom hazards and this information is often dated and sometimes in error. 

An affordable sonar system, assembled from proven commercial components, can provide 
detection of hazards to navigation at ranges of several thousand yards or more ahead of a ship. 
These ranges would be sufficient for a large vessel to stop or maneuver to avoid any hazard. The 
sonar technology, algorithms, and processing are available for commercial applications due to the 
large investments made by the U.S. government in sonar and underwater acoustics and the rapid 
reduction in prices of high-speed computers and signal processing systems. 

This commercial navigation sonar will provide detection and warning capability for: 

• Rapidly shoaling bottom (including sides of a channel) 
• Rocks and other large bottom objects 

• Small icebergs (growlers - 100 tons displacement and larger) 
• Aids to navigation (including small buoys). 

Mature U.S. Department of Defense technologies make it possible to detect and recognize 
icebergs and other underwater hazards at significant ranges in advance of a ship. Broad bandwidth 
active sonar transmission and reception reduces the impact of reverberant scattering off the sea 
surface and bottom. Cross correlation techniques provide accurate angle of arrival measurement 
of incoming acoustic echo information. Angle of arrival information assists in discrimination 
between bottom and surface generated effects to detect a rapidly shoaling bottom ahead of a ship. 
These techniques, heretofore used in large anti-submarine warfare systems, are useful in a 
commercial system due to the low cost and availability of equipment to collect and process the 
acoustic data. 
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The location information concerning underwater hazards provided by a sonar system should 
be coupled to an electronic chart (ECDIS). A chart provides the context that will permit the 
watchstander to understand the information and act on it. Returns from hazards, such as bottomed 
wrecks, navigation aids, other ships, and deep water to shallow water boundaries (e.g. a ship 
channel) will be best understood if presented on an electronic chart where it can be compared to 
historical information. There is also the potential to compare this information to radar return 
information to clarify and enhance the total sensor picture that is being provided to the 
watchstander. 

A hazard avoidance sonar system can function under conditions that a commercial ship 
encounters. This encompasses a broad range of environmental conditions that impact system 
-performance. The system capability should support a 20- to 25-knot speed of advance and operate 
in sea state 6 conditions. 

The most challenging requirement for the sonar system is probably the detection of small 
icebergs (100- to 500-ton growlers) at distances sufficient to permit an avoidance maneuver. 
Icebergs are particularly challenging because they have very low radar cross sections, which make 
them difficult to detect by conventional means, and because they sit at the air-water interface, 
which makes them difficult to discern in backscattered energy from the sea surface (reverberation) 
as sea states increase. High sea states are common in the springtime North Atlantic when icebergs 
are a problem. 

A consortia including Mobil, Chevron, Petro-Canada, Murphy Oil, and others have established 
a major oil project off the coast of Newfoundland. The Hibemia Project, soon to be operational, 
will operate a platform and shuttle tankers in an area that is frequented by icebergs. Lockheed 
Martin, with advice from the consortia, has determined a set of requirements that a sonar system 
must meet to be operationally useful for these ships. These requirements are: 

• The system should automatically detect the presence and location of icebergs ahead of the 
ship. Icebergs of 100 to 500 tons should be detectable at a distance of 4000 yards, and 1000+ 
ton icebergs should be detectable at a distance of 6000 yards. 

• The system should update its information every 12 seconds (100 yards @ 15 knots). 

• The system must automatically alert the watchstander to the presence of a potentially 
dangerous target and display its information in an easily understood format. 

• The system should provide position information that permits the selection of a proper 
avoidance maneuver in the presence of multiple targets. 

The obvious question which needed answering was whether or not a sonar system could be 
reasonably constructed that could meet these characteristics. Using the location of the Hibemia 
Project and the projected route of the shuttle tankers to and from the platform, Lockheed Martin 
constructed a detailed system simulation based on sonar models developed by the U.S. Navy. 
Drawing on Lockheed Martin sonar research and hardware along with Canadian sponsored data 
on iceberg acoustic characteristics, detailed information on system parameters and target 
characteristics were developed. U.S. Navy and Canadian Coast Guard environmental information 
on the Hibemia Project Area for the springtime months was also gathered. 

The Generic Sonar Model, the core analysis tool, uses the latest techniques to evaluate sonar 
system performance for the U.S. Navy. This model incorporates environmental models that have 
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been confirmed by empirical data collected by extensive U.S. Navy oceanographic efforts. 
Detailed information produces a local environmental model that permits the analysis of system 
parameters. This model is environment sensitive and directly measures the expected performance 
of a defined system in the local environment. These results are recognized to be valid within the 
constraints of the model. This type of tool allows the detailed simulation and comparison of 
system performance characteristics. 

In this case, the model was asked to compute the range at which a successful sonar detection 
of an iceberg could be made. In order to accomplish this task, the model solved the signal excess 
equation for a sonar system. Any signal excess result above 0 dB is considered to have resulted in 
a successful detection by the system on an iceberg of 500 tons displacement. The general equation 
for this calculation under conditions where backscattered energy is limiting system performance 
is: 

Signal Excess = SL - 2TL + TS - (RL + DT) 
Where: 

SL - acoustic power transmitted from an underwater array 

TL - transmission loss of power due to spreading and attenuation (one way) 

TS - echo returned by the target 

RL - backscatter from the sea surface, sea bottom, and the w^ter column 

DT - signal-to-noise power required for a successful detection. 

The system design parameters and environmental information were used by the simulation to 
construct detailed performance projections for the system under a variety of conditions. The 
projections rapidly demonstrated that the principal environmental factor on system performance 
was sea state. The results of the projections on system performance as a function of wind speed 
(and corresponding sea state in open ocean) are shown below in Figure 1. These results indicate 
that a system that has a high likelihood of meeting the desired requirements even under extreme 
conditions can be constructed. 
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The analysis was extended to a second stressing case for the hazard avoidance sonar: 
detecting a buoy chain and shoaling water in a shallow water environment (near harbor). This case 
is illustrated by a scaled drawing (Figure 2), which illustrates these features at a distance of 1500 
yards from the ship in a water depth of 60 feet. 

:^z 

Figure 2. Problem Description 
Figure 3 illustrates the range at which a small buoy chain would be detected under differing 

wind-speed/sea-state conditions. Even under adverse weather conditions, the buoy chain would be 
detected at a range sufficient to allow maneuvers to be made if necessary. 
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Figure 3. Active Signal Excess — May - Grand Banks Area A2 Shallow 
This sonar system concept represents a significant improvement over concepts that have been 

tried in the past. Broad bandwidth active sonar waveforms and processing permit significant 
system performance while limiting the size, complexity, and cost of hardware, installation, 
operation, and maintenance. 

One of the principal cost drivers in the purchase and installation of a sonar system is the 
transmit and receive array associated with the sonar. This sonar uses a transmit array 
approximately 8 inches in diameter coupled with a line array approximately 41 inches in length 
(Figure 4). This small array size (permitted by mid-frequency operation) limits the impact of the 
sonar installation on the bow of the ship. The mid-frequency operation of the sonar also minimizes 
the need for sound isolation of the array from the ship, which is often a weight and size driver. 
The small size and weight of the array will allow installation to be made by divers in a few hours 
using a cofferdam without the need for drydocking. The array will require a single small hull 
penetration. 
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DRAFT LOCKHEED    MARTIN  / 

Minimum number of elements 
Minimum size 

• ••••••••••I • •••••••••• 8in 

1 
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Figure 4. Array Concept 
The transmit airay will produce a beam of sound which can be electronically 'steered' to cover 

30 degrees to port from the bow. Another beam can be steered to cover 30 degrees to starboard. 
No mechanical scanning will be necessary. The line array will then be used to simultaneously form 
narrow beams to listen along particular directions. The information gained form each of these 
receive beams will be processed to form the acoustic picture in the 60 degrees in front of the ship. 
Figure 5 below illustrates this concept. 

Figure 5. Transmit/Receive Beam Concept 
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The advent of inexpensive and powerful microprocessors also permits the use of broad 
bandwidth acoustics to improve system performance. There is a spectrum of inexpensive signal 
processing cards that can be added to standard personal computers to accomplish the processing 
tasks, which include the forming of the receive beams, filtering, normalizing, and energy 
detection. 

Conclusion 

An affordable navigational sonar would significantly enhance the safety of ship operations, 
particularly in hazardous environments such as near land and in iceberg waters. Mature 
Department of Defense technologies and techniques provide a mature base for the system. Based 
on analysis and sea test results from similar equipment, a system that is fully capable of meeting 
the performance outlined above can be rapidly assembled from available components. 
Additionally, the performance outlined above can be achieved using readily available commercial 
hardware resulting in low purchase and operating costs. 
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Simulation-Based Design for Ship Design and Acquisition 

Gary Jones 
Advanced Research Projects Agency, Arlington, Virginia   USA 

Tricia Hankinson 
PRC Inc., Arlington, Virginia   USA 

ABSTRACT 
The Advanced Research Project Agency, ARPA, is developing a prototype 
of a tool that can enable a revolutionary change to the acquisition process. 
Simulation-Based  Design, or SBD, will seamlessly integrate, in real-time, 
the resources of design and acquisition.   Team members, collaborating 
while immersed in a virtual environment, can conceive, design, test, re- 
design, and re-test, manufacture,   train, and provide logistics based on 
virtual  prototypes   of products   within synthetic  environments   in the 
computer   before   any  steel   has   been   cut.     SBD   will provide   the 
infrastructure for interaction wit- a digital based Integrated Product and 
Process Development model, or iPPD. IPPD is "a systematic approach by 
an interdisciplinary team, to the integrated and concurrent development 
of requirements,   products and related  processes  such as manufacture, 
operations, and support." 

The basic concept of SBD can be divided into three parts: the Product 
and Process Model, Infrastructure, and Virtual Prototypes. 

The Product and Process Model defined by SBD will include simulation 
and behavioral attributes, and will encapsulate miniature programs with 
data required for design functionality. IPPD team members will 
continuously refine the Product and Process Models as the design builds 
from requirements and concepts to final detail design, increasing the 
fidelity of the Model as it moves through maturity to completion. 

The SBD Infrastructure will be comprised of the hardware and software 
architectures, design support applications, the Virtual Environment, and 
a high performance, high bandwidth integrating network. 
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The Virtual Environment is the integrating medium for communicating 
information in and out of SBD. Many scenarios are envisioned for the 
Virtual Environment in design and acquisition, including: layout, 
manufacture, construction, performance, training, logistics, and operation. 
During all phases, the digital IPPD infrastructure created under SBD, will 
allow the constant tracking and reporting of costs associated with all 
aspects of the acquisition cycle. 

Virtual Prototypes produced in SBD's Virtual Environment are a 
collection of subsets of the Product and Process Model integrated with the 
necessary physics-based models to allow them to operate properly within 
the environment. 

Working with a Virtual Prototype, a design team will be better able to 
determine the ability of the concept to meet intended performance or 
operational requirements. Anthropomorphic models can be inserted into 
the Virtual Environment to show key operations or to investigate the 
impact of human factors on the design. Assessments of system 
performance, safety, and maintainability can be made early and repeatedly 
in the design cycle. Seakeeping demonstrations have been developed 
where hull configurations are integrated with a Virtual Environment, 
physics based, ocean simulation model. Design team members are able 
to immediately comprehend the response of the hull design to any 
particular sea state. Further information can be gathered about the 
conceptual hull by overlaying structural analysis information that can be 
run in parallel to hydrodynamic analysis. 

Virtual Prototypes and the interaction of distributed models allow design 
team members to participate simultaneously in resolving any potential 
design conflicts. 

BACKGROUND 

As demands for performance and consumer expectations skyrocket, it is 
becoming increasingly difficult to affordably produce what the human 
mind can conceive. Design and manufacturing capabilities have not kept 
pace with technological advances.  Large, complex products take too long 
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to design and cost too much to acquire. Consumers demand high 
performance, affordable products that are often specialized to their needs. 
In order for producers to remain competitive, they are required to use 
innovation in not only the products they provide, but also in the processes 
by which the products are developed and produced. The challenge to 
industry is to improve the efficiency of the processes, and reduce cost, 
while maintaining the quality of the products and systems. 

Products themselves are becoming more complex, either by virtue of the 
manufacturing process, or by design requirements such as designing for 
more compact volume. Design and manufacturing issues are difficult 
enough for products such as computer chips which are fairly homogeneous. 
These issues become increasingly more difficult for products that are not 
homogeneous, have lower production rates, and have more parts. 
Products such as automobiles and aircraft have on the order of hundreds 
of thousands of parts. Now, consider a military ship where the number of 
parts can exceed tens of millions, the parts are heterogeneous, and the 
product has a low production rate. Factoring in the complexity of the 
systems and the number of people involved in their development, results 
in an extraordinary number of required decisions. These decisions must 
be made swiftly and intelligently. Mistakes discovered early can lead to 
greatly reduced project costs. 

Computer technologies such as Computer-Aided Design/Computer-Aided 
Manufacturing systems and Computer-Aided Engineering tools have added 
speed and quality to design, but they have not caused the necessary break 
from traditional design cycles. These technologies have been used 
predominantly to automate an existing process, however, little has been 
done to harness the full potential of these tools to enable a more efficient 
process. These cycles remain extremely long. They are not flexible 
enough to include, let alone evaluate, very many design alternatives, and 
they fail to provide sufficient opportunity for the timely infusion of 
technological advances. 

Management methodologies like Concurrent Engineering, Total Quality 
Management, and Integrated Product/Process Development (IPPD) are 
also being employed to better organize and utilize the resources involved 
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in the design and development of products. The goals of employing these 
methodologies are to "design it right the first time" and "design it for 
production". IPPD brings together all those involved in the product's life - 
designers, engineers, manufacturers, operators, customers - early in the 

design so that factors effecting the product throughout it's life cycle can be 
included as the concept is developed. The "-ilities", such as 
manufacturability, maintainability, and operability, are addressed at the 
beginning of the cycle, eliminating or reducing costly changes later. The 
development process is also created alongside the product so the most 
efficient process is designed for the most efficient product. Having the 
customer involved from the beginning helps ensure a product is delivered 
that meets the expectation of the customer. 

IPPD, as has been applied to date, has predominantly addressed the 
'physical* issues, or group organization. IPPD requires today's project 
managers to assemble large, expensive, co-located teams. However, the 
development process involves more than just the people collaborating, it 
must include efficient communication and transfer of information. IPPD 
can only be as effective as the information that is exchanged among the 
IPPD team. Interpreting information into something meaningful to all 
members of a diverse IPPD team can be difficult. An infrastructure must 
be developed to support integration and parallelization of people, 
resources and information. 

OPPORTUNITY TO ENABLE CHANGE 

ARPA has a three-decade history of providing major contributions in 
advanced technologies. Particular emphasis has been in the computer and 
information science technologies, including electronics, networks, scalable 
high performance computing, modeling and simulation and intelligent 
systems technologies. ARPA MSTO recognized the opportunity of 
applying these technologies to the issues of design, enabling a 
revolutionary approach to the design, development, and acquisition of 
large, complex systems. In ARPA's Simulation-Based Design, SBD, 
program, development of these technologies is focused beyond mere 
research to a real problem with potential of great payoff for military and 
commercial industries. 
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For revolutionary change, one must go beyond IPPD in redefining the 
design team and redefine design. The first step is to examine what is 
currently thought of as the design process. Design is traditionally thought 
of as the "pen-to-paper" portion of a product development process. In 
order for a product to be cost effective and efficient throughout its entire 
life, design must encompass the entire life cycle, and considerations must 
be continuously given to how the product will be manufactured, used, and 
maintained  from the initial concept. 

ARPA envisions integrating the technologies of distributed simulation, 
advanced computing, and virtual environments to develop an "electronic" 
environment for effective, collaborative IPPD. This will enable an 
effective means for providing real-time access to the geographically 
distributed resources among all of the disciplines involved in an IPPD 
approach through seamless integration. Team members, collaborating 
while immersed in a virtual environment, can conceive, design, test, re- 
design, and re-test the products inside the artificial world of computers. 
This design environment will also act as an effective communication tool 
for the fusion and presentation of complex data. One would not discuss 
results from computed outputs, but rather could "see and experience" the 
testing of products in the virtual environment through the use of electronic 
or digital versions of the product, or virtual prototypes. 

The concept of using virtual prototypes takes SBD beyond an electronic 
management approach to also address new ways of rapid prototyping. The 
virtual prototype, when placed in the virtual environment, would behave 
just as the real product would. Using advanced simulations, designers 
could virtually manufacture the product, test the product under many 
conditions, provide customer walk throughs, have operators test the human 
factors and usability, and test out repair procedures all without actually 
building the physical product. Therefore, the need for physical prototypes 
could be eliminated, or at least significantly reduced. 

Many of technologies to support this concept exist today. They need to be 
developed further to suppon applications at the scale that large complex 
systems require. Some of these technologies were developed for training 
or operational   scenarios, where fidelity only had to provide acceptable 
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event cues and indicators of performance. Applying these technologies to 
design requires an integrated approach. 

While it may seem straightforward to simply integrate technologies, there 
are immense challenges that have to be overcome to develop and 
implement such a system. In order to provide the maximum technology 
pull appropriate for large scale development, ARPA MSTO selected ships 
to drive the technologies. The approach to successfully implement 
simulation, integrated product and process development, and virtual 
prototyping for ships, is to develop technologies that will: 

Visualize and interact with large, complex geometry, on the 
order of thirty million objects and one million polygons, updated 
thirty times per second; 

Generate, calculate, and evaluate more than one thousand 
designs with hundreds of parameters; 

Seamlessly alter fidelity in both geometry and feature space; 
Maintain and verify completeness of systems using data 

requiring more than two hundred gigabytes; 
Accommodate modifications that impact the design requiring 

modifications in over fifty percent of detailed design drawings. 

SBD VISION AND CONCEPT 

The ARPA SBD program will develop the capability for virtual 
prototyping in synthetic environments to enable effective IPPD. The SBD 
System will: 

- provide  real-time  connectivity  to all of the activities  of the 
acquisition process; 
- make virtual prototypes and environments  "real"; 
- develop    innovative    human    computer    interfaces    beyond 
visualization; and 
- incorporate  intelligent design guidance and assistance, relating 
traditionally unrelated  information. 

This new capability  will provide many advantages   to an IPPD team 
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including: 

- easy detection and correction of design problems at an early stage 
before major design decisions have been made and resources 
committed; 
- real-time physics and engineering analyses, resolving potential 
design and manufacturing conflicts; 
- clear presentation  of information in a comprehensive, graphical 

. manner; 
- increased ability to quickly and inexpensively determine if the 
concept meets intended performance or operational requirements, 
including logistics and training; 
- automatic generation of documentation and logistics support 
material; and 
- concurrent optimization of the product design and process 
development. 

Concepts 

The ARPA SBD prototype system has three primary components: Virtual 
Environments, Product and Process Models, and Enterprise Infrastructure. 

Virtual Environments/Virtual Prototypes 

The Virtual Environment, as defined by SBD, is a revolutionary concept, 
providing a medium for design team members to collaborate and access 
the resources of the design in real time. The SBD Virtual Environment 
is different from many virtual representations used today which are 
nothing more than rendered pictures of the product and its environment. 
While these representations may have some pleasing visual effects, they do 
not accurately represent the system and its interaction in the environment. 
Systems simulated in SBD's Virtual Environment are true engineering 
representations, or Virtual Prototypes. The Virtual Prototypes can simulate 
the actual product and its operation, as well as processes to manufacture 
and assemble that product. This enables the design team to fully 
understand the product and process, and make many decisions without the 
need of physical prototypes.   Innovative human-computer interfaces, such 
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as booms and head-mounted   displays, are used by the design team to 
interact with the Virtual Environment and Virtual Prototypes.  The Virtual 
Environment will be used throughout the life of the product development 
for layout, construction, operation, maintenance,  and training. 

Product and Process Model 

Accurate representations of the product as a Virtual Prototype are only 
possible through the use of a well-defined Product and Process Model. 
The SBD Product and Process Model contains the information that shows 
how the system operates and how it is made. SBD expands beyond the 
traditional basic geometric description of a system to include system 
configurations, behavioral attributes, and performance descriptions needed 
to simulate functionality. Design team members will continuously develop 
the Product and Process Model as the system evolves from requirements 
and concepts through detailed design and construction to the end of the 
system's life. 

Enterprise Infrastructure 

Virtual Environments and the Product and Process Model only reach their 
full utility when they are integrated through an Enterprise Infrastructure. 
The Enterprise  Infrastructure   is the hardware and software architecture 
that  permits  distributed,   collaborative,   real-time   interaction   with the 
Product and Process models, as well as remote access from multiple team 
members,   or other  resources,  from anywhere  in the world.    A high 
performance communications system will enable the real-time coordination 
of the distributed acquisition activities into an effective integrated product 
and process development team. Under SBD, design support software will 
automate   the  evaluation,   generation,   and  control   tasks   inherent   in 
developing complex systems, and provide intelligent guidance to the design 
team.  The existing large body of codes, and those under development in 
many differing projects, can be used interactively and remotely with SBD 
through standard interfaces. 
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ARPAPROGRAM 

ARPA is conducting a two-phase program to identify and develop the 
necessary technologies  to assemble and implement  the SBD approach. 
Phase One began in March 1993 and is establishing the feasibility and 
potential   of an SBD  system through  a series  of applications-oriented 
demonstrations. 

In October   1993, ARPA successfully completed   initial demonstrations 
establishing  feasibility of some key technologies   applied to the design 
process, including: 

Integrated Phvsics-Based Models in Virtual Environment 
Design team members were able to immediately comprehend the 
structural response of the hull design to any particular sea state, 
heading, or speed in a demonstration that integrated physics models 
of a synthetic ocean and a ship hull structural model in virtual 
environment. 

Automated Network Program Builder System users were 
able to have megaprograms automatically assembled with simple 
user input. 

Incorporation of Kinematics with CAD Geometry Designers 
were able to gain more information from products designed in 
CAD from the addition of kinematic information of product 
actually operating in its environment. 

Seamless Translation of Data between CAD and Virtual 
Environment Data was taken from CAD directly in to the Virtual 
Environment, manipulated, and those changes were seamlessly 
updated back in to the CAD. 

Object Associativity and Functional iry A limited number of 
Smart objects were defined to include associativity and 
functionality. When an object was moved, its associated piping was 
moved with, automatically routing the piping to the optimum path, 
avoiding obstructions. 

In June   1994, ARPA   conducted   the  second   set of demonstrations. 
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implanting a vision of a variety of capabilities that an SBD system could 
provide.   These demonstrations   included: 

The vision of what SBD could offer, applied to generic roll 
on roll off ship during various design and development scenarios, 
such as requirements, machinery design, arrangements simulation, 
cost/risk assessment, and manufacturing. 

A submarine damage control scenario to show how this can 
be used in the design and development process. 

A real-time interaction with a Defense Simulation Internet- 
based vehicle to show how loading scenarios can be examined prior 
to build. 

Phase n is scheduled to begin in the last quarter of 1995. During this 
phase, critical technologies will be developed and integrated in a prototype 
system.  Critical challenges that will be addressed include: 

-visualization and sensualization of data 
-tactile feedback 
-object oriented database management 
-data standards 
-information baselines for distributed environment 
-wide are network bandwidth 
-multi-level security 
-information technology 

CONCLUSION 

Quality commercial and military products and systems must be produced 
rapidly, efficiently, and affordably for industry to maintain a competitive 
edge. ARPA has demonstrated that a new way of doing business is upon 
us. Current technology exists, to some extent, but technologies require 
development in order to achieve the full potential an SBD system can 
offer. The ARPA program is focused on developing the required 
technologies   to support  an SBD  infrastructure,   and will continue   to 
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demonstrate the utility and payoffs of this new tool, and its ability to 
change the way design in done. While ARPA will establish the potential 
of SBD and develop a basic infrastructure, this will not be sufficient to 
implement SBD as fully working system. It is necessary that military and 
commercial industries develop critical support applications that will make 
SBD functional for the development of complex systems. ARPA, in close 
collaboration with industry, will continue development of the SBD 
prototype, laying the groundwork required to establish an infrastructure to 
suppon virtual prototyping in synthetic design environments for 21st 
Century design. 
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1.    INTRODUCTION 
Worldwide efforts for environment protection are 

increasing. In line with this trend, new international 
regulations are being studied to control emission of 
NOx, SOx and other air pollutants from marine power 
sources. It is also important to further improve the 
energy conversion efficiency of power systems to 
mitigate emission of carbon dioxides, a substance 
responsible for global wanning. In these circum- 
stances, fuel cells are considered an important marine 
power source for the future. 

Fuel cells as a power system directly convert the 
chemical energy of fuels into electric energy. Unlike 
heat engines, fuel cells do not use any form of 
thermal energy, and thus intrinsically have high 
energy efficiency. Their operating temperature is 
relatively low. They usually use high-quality fuels 
derived from chemically reformed fossil fuels. These 
are the reasons fuel cells emit less air pollutants, such 
as NOx and SOx, than ordinary heat engines. Fuel 
cells, apart from their auxiliary machinery, have no 
movable components and thus are also a good power 
system from the viewpoint of vibration and noise. 

It is also true, however, that there are many 
technical problems to be solved before fuel cells can 
be fully used as marine power systems. These include 
downsizing of cell stacks, higher performance cell 
stacks, compatibility with various operating conditions, 
including marine salinity, vibration and load change, 
and system maintenance and reliability. In view of 
this, SRI has started a study of the basic items 
mentioned above. The remainder of this paper 
outlines the research and development activities in 
various countries and a few results of research carried 
out by the SRI. 

2.  OUTLINE OF RESEARCH & DEVELOPEMENT 
FOR MARINE FUEL CELLS 
Fuel cells,  including those for land use, are 

classified into five types: alkaline electrolyte (AFC), 
phosphoric acid (PAFC), molten carbonate (MCFC), 
solid oxide (SOFC), and polymer electrolyte (PEFC) 
types. Fuel cells were first used as a portable power 
source in the late 1960s in the United  States. 
Alkaline-type fuel cells were mounted on the Apollo 
space vehicle as a power source.  The study of fuel 
cells for marine uses is, in contrast,  relatively new, 
having started in the 1980s. 

Specifically, AFC and PAFC type marine fuel 
cells were tested on actual ships from 1979 to 1989 
in the United States and former West Germany. 
These were actually submarine power sources."  In 
line  with  the  development  and   rapid   progress  of 
polymer membrance technology,  the PEFC type fuel 
cells made quick progress.  Systems of 10 to 34 kW 
were developed as a power source for submarines and 
submersible probing vehicles in Canada (Ballard, 
from 1989),  Germany (Siemens,  from 1993),  and 
the United States (Treadwell, from 1990).2' • 4' 

The MCFC, PEFC and SOFC type fuel cells are 
also being studied in Japan. The Shipbuilding 
Research Association of Japan started a feasibility 
study of an electric propulsion system assuming use of 
fuel cells in 1994. The Ship and Ocean Foundation 
announced a model design for an MCFC type power 
system for powering LNG tankers and ferries as well 
as ocean observation ships from 1990 to 1991.3> 

The Foundation also started a feasibility study of a 
PEFC type power system in 1994.4' Some 
shipbuilding companies have executed the conceptual 
design for a PEFC and SOFC type fuel cell system for 
submarines.5) 

Taking these situations in consideration, SRI 
decided to concentrate its efforts on the investigation 
of SOFC type fuel cells, which are generally believed 
to require the longest development period. SRI is 
currently studying basic technologies for SOFC type 
fuel cells.6"8' 



3-     RESULTS OF SRI'S INVESTIGATION 
ON SOFC 

3-1    Improvement in Power Generation Performance 
of SOFC Elements6' 

An SOFC cell element normally consists of a thin 
layer of Yttria-stabilized zirconia (YSZ) serving as the 
electrolyte and conducting oxygen ions only. Each 
surface of the YSZ layer is coated with a thin layer of 
lanthanum strontium manganite, which is then 
sintered, and nichkel-YSZ cermet. These serve as the 
cathode and anode, respectively as indicated in Figure 
1. The surface of the electrolyte is normally smooth 
in conventional production methods. In the SRI 
method, the surface of the electrolyte is roughened by 
acid treatment, and then the electrodes are coated on 
the rough surface and sintered. 

Table 1 shows the materials and the size of the 
test cells manufactured along with data on the surface 
roughness of the electrolyte. 

Figure 2(a) is a scanning electron microscopic 
(SEM) photograph of the cross section of the test cell. 
Comparison with the cross section of the conventional 
cell shown in Figure 2(b) highlights the minutely 
iiiteriaced electrolyte and electrode surfaces at the 
interface. This was also confirmed by elementary 
composition analysis using an electron probe 
microanalyzer (EPMA). This particular structure 
results from roughening of the surface of the 
electrolyte. The interface is 3-dimensionally bound. 
The contact surface area is far greater than that of a 
conventional cell. 

This test cell was then mounted on a test device 
and electric power was generated by cell reaction at 
1000" C by supplying a mixture of hydrogen and 
nitrogen as the fuels and air as oxidizing agent. The 
relations between the electric potential V and current 
density I, and between power density W and current 
density I were obtained by the constant current method 
using a potentio/galvanometer. 

Figure 3 shows the V-I and W-I curves for the 
three test cells (A.O.andO symbols) that were 
fabridated. The figure also shows a curve for a 
conventional cell (• symbol) for comparison purpose. 
The data for these three test cells are scattered because 
of fabrication irregularities. In general, however, 
the electric potential and power density for a given 
current density is higher than those of a conventional 
cell. This is especially obvious in the high-current 
density area. The above property of the tested cells 

presumably derives from the increased cell reaction site 
through the increased actual contact area because of 
the 3-dimensional structure of the interfaces between 
the electrolyte and the electrodes shown in Figure 2(a). 

3.2 Effects of Marine Operating Conditions on 
Performance of SOFCs 6'' 7' 

The current density applied to the test cell was 
varied in steps from 0-*1.06-*2.12 -* 1.06A/cm z 

to derive response curves for voltage output. The 
results are shown in Figure 4. This test simulates the 
large load changes to which marine power systems are 
likely to be subjected in actual applications. Large 
load changes are one of the features of marine 
operating conditions. As shown in the figure, electric 
potential drops sharply and then rises gradually to 
reach the next stabilization value asymptotically as the 
current density is increased in steps by decreasing the 
electric load resistance. For the cells tested in the 
experiments^ the time required for the electric 
potential to recover to 95% of stabilization value is 
1.8 to 2.8 minutes, and the time constant is 0.6 to 
0.9 minutes when exponential curves are assumed. 
Consequently, the response of the test cell to load 
changes is very high. 

Another feature of marine conditions is the 
presence of saline particles suspended in the air which 
is taken into the SOFCs. It is thus necessary to 
analyze the effect of salinity on electric power 
generation by SOFCs. Power generation tests were 
conducted by simulating ocean air and supplying air to 
which NaCl was added. The melting temperature of 
NaCl is 801* C and its vapor pressure in an ambient 
atmospheric temperature of 1000' C is approximately 
1.1 x 10"3 MPa. Consequently, tests were 
conducted under conditions such that the air supplied 
to the SOFCs would contain NaCl at the saturated 
vapor pressure. The salt concentration in the ocean air 
changes with wind velocity, humidity and altitude 
from sea level. It is, for examples, 0.07 to 0.25 
mg/air m 3 (North Atlantic Ocean, 30 m above sea 
level) and 0.001 to 1 mg/air m 3 (open sea or 
coastal area, 10 m above sea level), according to 
published studies.The salt concentration used in our 
experiments (approximately 1.1% by volume ) is thus 
approximately 30,000 times higher than the 
concentration found in the ordinary ocean air, so that 
the tests are considered to be an accelerated test of 
adding salinity. 



Figure 5 shows the resulting V-I curves for each 
measurement. NaCl was added immediately before 
the experiments and also approximately 15 and 65 
hours later. V-I data were taken approximately 15 
(O symbol), 65 (A symbol), and 85 hours 
(® symbol) later. The data of no-salt conditions 
(• symbol) is included in the figure for comparison 
purposes. The figure shows that for a given current 
density, the voltage drop increases considerably with 
an increasing number of NaCl additions and time of 
exposure to salinity. Figure 6 shows the results of the 
measurements of the electrical impedance of the test 
cells immediately before and after testing. For 
measurement, an electric potential with a continuously 
variable frequency was externally applied to the cell 
elements and the electrical impedance of the cells at 
each frequency was measured based on current value. 
This technique permits evaluation of the chemical 
reaction in the cell by measuring the electrical 
resistance of the bulk materials, crystal boundaries 
and the interface between the electrodes and electrolyte 
within the cell element. In the figure, the impedance 
measured for each frequency is shown on a complex 
number plane called a Cole-Cole plot. This 
measurement did not show any significant difference in 
impedance related to the addition of NaCl. The reason 
for the results in Figures 5 and 6 is not clear, and 
we are currently continuing detailed studies, including 
assessing the performance of materials. 

3.3    High-Efficiencv Power Generation & CO 2 

Separation bv SOFC Combined Cycle B' 
As described in the Introduction of this paper, 

fuel   cells  inherently  have  high  energy  conversion 
efficiency.    Of all types of fuel cells,  SOFCs have 
the  highest  operating temperature, and it is thus 

possible to efficiently use exhaust thermal energy 
which is discharged by cell reactions. That is, a very 

efficient energy conversion system can be constructed 
by arranging SOFCs, the fuel reforming process, and 
exhaust turbines into a combined cycle. Further, the 
solid   oxide   electrolyte   membranes   of  SOFCs   are 
gas-tight,  and, using this feature, the anode can be 
completely divided from the cathode side.  That is, 
CO 2 gases, generated on the anode side as a result 
of cell  reaction, will  not be mixed with a large 
quantity of nitrogen in the air remaining on the cathode 
side,  and the CO 2 gases alone can be separated and 
recovered by a separator built on the anode side. As a 

result, the CO 2 concentration of the gas exhausted 
from the above system to the atmosphere becomes 
almost nearly zero. 

Based on the above viewpoint, SRI proposes the 
new SOFC combined system whose schematic diagram 
is shown in Figure 7. Figure 8 shows electric 
potential V, power density L t c and total energy 
conversion efficiency 37 t o t» 1 that is offered by this 
system. The data are shown with respect to current 
density I. According to these results, the energy 
conversion efficiency is up to 60 to 70% over a very 
wide range of current densities. It is more important 
that the total energy conversion efficiency does not 
decrease in the high-current density area, where the 
efficiency of the cell elements proper declines. This is 
because the exhaust thermal energy, which increases 
in this area,is efficiently recovered as the reforming 
heat of fuel in the cell and as exhaust gas turbine 
output. 

Figure 9 shows the CO 2 gas concentrating / 
mitigating effects of the proposed system. The left 

half of the figure shows the CO 2 concentration in the 
gas discharged to atmosphere (Figure 7, A8). The 

right-half of the figure shows the CO 2 concentration 
at the inlet of the separator (Figure 7, F8). As seen 
in the figure, the CO 2 concentration on the 
discharged side is reduced to less than 1/10 of the 
value of a conventional power system (6.5%). 
Further, the concentration at the separator inlet has 
been concentrated to about 10 times that of the 
exhaust gases from a conventional heat engine. It is 
thus possible to improve CO 2 separation efficiency, 
reduce the gas volume disposed per unit power output 
of plant, and downsize the separator to about 1/10 
that of conventional size to enhance the ease of use in 
practical applications. 

4. SUMMARY 

The paper outlined R&D activities for developing 
marine fuel cells in various countries and a few 
research results reported by the SRI on SOFC type fuel 
cells. This study is ongoing and we will continue to 
study basic technologies with attention to R&D 
activities in foreign countries. 
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Table 1    Specifications of Test Cell 
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A STUDY OF REMOTE SENSING OF MARINE POLLUTANTS 

Hiroshi Yamanouchi and Susumu Yamagishi 

Ship Research Institute, Ministry of Transport 
Mitaka, Tokyo, Japan 

1. INTRODUCTION 
Remote sensing from satellites is an attractive means 
of monitoring pollutants discharged from ships. 
Landsat Thematic Mapper data have played important 
role in monitoring the ocean surface, since the 
Nimbus-7 Coastal Zone Color Scanner(CZCS), which 
ceased operation in 1986. 
Some images of major spilled oil observed from the 
satellite have been reported but it is not easy to 
extract the delicate changes in the color of ocean. 
Since the radiance scattered out of the ocean 
reaching the top of the atmosphere comprise only a 
small portion of the total radiance. 
In this report, we have analyzed the data of the 
Landsat Thematic Mapper(TM) of the oil slicks in 
Persian Gulf and the oil spilled from the Exxon Valdez 
in the Alaskan Gulf ; EOSAT(1989,1991) and the 
images over Tokyo bay. Using the contrast 
enhancement and the analysis of interrelations of 
spectral bands.; Jensen(1986), we have attempted 
to distinguish the pollution over the sea. 
These methods will be applied to the data of the 
coming new satellite of SeaWiFS, which will see 
changes in the color of water. 

2. CONTRAST ENHANCEMENT 

After extracted the digital data from the computer 
-compatible - tape (COT), frequencies of brightness 
values in each band which were used to produce 
histograms were calculated. 
As we are interested only in the water environments, 
the linear stretch is appropriate. When the histogram 
of an image is not unimodal, it is possible to perform 
a piecewise linear contrast stretch to a imagery. 
Fig. 1 shows that the contrast enhancement is effective 
to distinguish the oil slick and that the image which 
is composed of band 5(1.55-1.75^) is effective to 
distinguish the oil slick. 

(a) 
Fig.  1     The  images 
enhancement rate, (b) 
with a value of 255. 

(b) 
with  different the contrast 
:AII land   pixels   are white 

3. STATISTICAL ANALYSIS 

In order to monitor more delicate changes in the 
image, we have tried to use some fundamental 
statistics of the multispectral data involving the 
standard deviation, and the correlation. 
Fig. 2 shows brightness values over the Tokyo Bay 
plotted versus 7 bands. Each connected points 
indicates the range of COT count in the selected 
portions where dense aerosol and muddy water were 
not clearly observed. The abscissa identifies the 7 
bands of thematic mapper and the ordinate depicts 
the range of brightness values over Tokyo Bay. The 
data were collected by Landsat. The range of the 
data except band 6 are not so wide^ 
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Fig. 2 The brightness values over the Tokyo Bay 
are plotted versus 7 bands. 
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Fig.3 The brightness values over the oil slick and 
the surrounding sea are plotted versus 7 bands. 
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and the surrounding sea plotted versus 7 bands. 
The range of data in bands 5,6 and 7 are very wide 
but those of 1,2,3 and 4 are narrow. 
The mean values of band 5 and 7 over the oil slick 
are higher than those on the surrounding sea and 
their ranges are much wider. 

The frequencies of brightness value versus various 
pairs are shown in Fig.4. The data were collected 
over the oil slick in Persian Gulf on February 16,1991. 
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Fig.4 The frequencies of brightness value versus 
various combinations of bands. The data were 
collected over the oil slick area in Persian Gulf on 
February 16,1991. 

Fig.5 shows the gradient coefficients of regression 
lines arranged corresponding to the pair. The abscissa 
indicates the pair, and the ordinate depicts the gradient 
coefficient. Absolute values are less than 1.0 except 
one group on May 29, 1990 when the faint pollution 
was detected in Tokyo Bay. The patterns of each 
series resemble each other, although brightness 
values are somewhat scattered according to selected 
portions on the image. 
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line for the oil slick arranged corresponding to the 
combinations of bands. The abscissa indicates the 
pairs, and the ordinate depicts the gradient coefficient 
of each regression line. 
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Fig.6 The gradient coefficients of regression line 
for the oil slick are arranged corresponding to the 
pair of bands. 

The values range wider than those fver Tokyo Bay, 
the maximum is 5.4. These patterns of series 
resemble each other but are different from those of 
Tokyo Bay. 
Analyzing the correlation coefficient of bands and 
the gradient coefficients of regression line, we think 
that the range of brightness value and the pattern of 
the series have the information of pollutions in the 
sea. Further studies are required to find the relation 
between them. 

4. FUTURE PROGRAM 
Fortunately, the new satellite of Sea-viewing Wide 
Field-of-view Sensor(SeaWiFS) is going to be 
launched and will become the ocean color satellite 
since CZCS. SeaWiFS will provide routine global 
coverage every two days and is designed to provide 
estimates of photosynthetic pigment concentrations 
of sufficient accuracy. Its precise spectral data will 
become also very useful for detecting the pollution in 
the ocean. 

And also the removal of aerosol effects from a 
image is critically important for detecting delicate 
changes in the color of sea surface. But usually 
aerosol Is not uniform, so it is difficult to use standard 
aerosol model. The robust atmospheric correction 
must be developed and the input support data(e.g.> 

surface wind, surface pressure, ozone concentration, 
etc.,) should become available for the processing. 

To make the satellite data more fruitful, the 
distribution of the spectral data and support data 
will rely heavily on the development of the distribution 
systems which is necessary to accumulate various 
reference data. We expect the more intimate 
worldwide cooperation will develop in the future to 
preserve the earth environments. 

Fig.5 The gradient coefficients of regression lines 
are arranged corresponding to the pairs of bands. 



5.  SUMMARY 

The LANDSAT TM images over Tokyo Bay and over 
the major oil slick have been analyzed using the 
image enhancement and the analysis of the 
interrelations of bands. A summary can be made. 

The contrast enhancement is effective to see the oil 
slick and that the image which is composed of band 
5 is effective to distinguish the oil slick from the 
surrounding sea. 

Patterns of series where gradient coefficients are 
arranged corresponding to the pairs, resemble each 
other. The absolute values over the oil slick range 
much wider than those over Tokyo Bay, without severe 
pollution. 

The new satellites such as Sea-viewing Wide Field- 
of-view Sensor(SeaWiFS) is going to be launched 
and will become the ocean color satellite since CZCS. 
Their precise spectral data will become also very 
useful for detecting the pollution in the ocean. 
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CHARACTERISTICS OF IMPULSIVE TENSION ON BOUY MOORING CHAIN 

Tetsuya Hiraishi 

Port and Harbour Research Institute, Ministry of Transport 
Nagase, Yokosuka, Japan 

1.INTRODUCTION 
In some isolated islands far from the Japanese 

main island, port facilities like a quay, sea wall and 
breakwater have not been completed. In such islands, 
mooring buoys are widely employed to moor vessels. 
The buoys are also employed to indicate the 
installation location of submerged breakwaters. The 
joits of the buoy- mooring chain are broken when the 
large impulsive tensions are exerted by the attack of 
large waves. The loading and unloading of cargos is 
prevented for a long time when the mooring chain is 
broken and the buoy flown out. The prevention of 
impulsive tensions is important in order to moor the 
buoy safely. 

We propose the following two methods to 
reduce the impulsive tention; l)improvement of buoy 
shape and type, 2) employment of elastic mooring 
line. This paper mainly investigates the effects of the 
above methods to reduce the impulsive tensions in 
the experiments. A simple caluculation method to 
estimate the demanded length of the elastic mooring 
line is also proposed. 

2.   MODELLING   BUOY   AND   EXPERIMENTAL 
SET-UP 

Figure 1 shows the typical image of a mooring 
buoy system employed in a harbor. The buoy has a 
shape of a cylinder and is moored to the sinker 
installed on seabed in a single chain longer than the 
water depth. This type of buoy is called 
CALM(Catenary Anchor Leg Mooring) buoy. The 
catenary line formated under sea level can absorbe 
some parts of the impulsive force. When the wave 
heights become extremely large, the catenary line is 
not able to absorbe the large tension and the line 
might be broken. The cross points in the figure 
shows the broken points in the chains in the field. 
The joint parts of the chain to the buoy body and joint 
pieces are mainly cut by large waves. 

joint piece 

^ 
buoy 

anchor 
— •       '-7 

I i- sinker 

Figure 1 Damage of mooring buoy 

Figure 2 shows the experimental model of the 
mooring buoy. The water depth in prototype is 30m. 
The model buoy is moored in the single line directly 
to the sinker fixed on seabed though the prototype 
buoy is moored to the sinker (anker) with an internal 
joint piece. It is for simplification of the model 
system. The small tension meters are attached in the 
joint points of the chain- buoy and chain- anker. The 
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twist protection ring   \ 
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Figure 2 Model of mooring system 
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Figure 3 Model of energy disipating buoy 

tension profiles recorded in tension meters are 
analized to obtain the characteristics of mooring 
tensions. The total length between the underface of 
buoy and sinker is 40m in the prototype. The length 
of line, however, is reduced to 32m in the some 
experimentan cases so that the effects of the 
improved method may appear clearly. 

(1) Improvement of buoy shape 
The first series of experiments was carried out 

to investigate the characterisitics of the impulsive 
tensions and effects of the improvement of buoy 
shape. 

Figure 3 shows the outlines of the proposed 
buoy types. Type A represents the normal type, and 
the diameter and height of cilinder is 3.6m and 2.0m 
respectively. Type B shows the wave energy 
absorbing buoy. The buoy consists the cylindrical 
plate with a space inside. The plate has slits as 
shown in the figure. The space is filled with the 
materials to absorbe wave energy. The buoy floats on 
water as the density of the material like styrene foam 
is smaller than water density. Type C represents the 
floater type buoy. The buoy has a sherical floater at 
the center. The outside wall of the buoy has the 
square slits. The wave energy may be absorbed in 
the space between the outer slits and inner floater. 
The diameter and height of the buoy is same to those 
of the normal type respectively. 

We made the buoy models in acryle with a scale 
of 1/50. The water depth and length of mooring line is 
30 and 40m respectively. The diameter of chain piece 
is 40mm in prototype. 

Figure 4 shows the arrangement of the 
experimental basin and model. A serpent type wave 
generator with 35 segments(Hiraishi,1993) is installed 
along a side. The serpent type wave generator can 
make the uni- and multi- directional waves. The real 
sea     waves     have     characteristics     of     energy 

directionality and the model tests in directional waves 
is recommended to get results with high accuracy. 
Meanwhile, the wave force and tension obtained in 
the model tests have the tendency to become larger 
in uni-directional condition than those in 
multi-directional condition. Therefore, the 
experimental results obtained for uni-directional 
waves may become over- estimated but may become 
estimation in the safety side. We employed the both 
of uni-and multi-directional waves to compare the 
results in the buoy model test. 

The significant height and period of the acting 
waves are 9-10m and 14-16s for the 
uni-directional waves. For the case of 
multi-directional waves, the significant wave height 
and period is 10m and 14s respectively. The energy 
spreading parameter proposed by Goda et.al.(1975) is 
changed from 10 to 75. The higher value of Smo 
represents the higher consentration of wave energy 
to the specified wave direction. The model buoys are 
installed at the points 4.8m apart from the generator 
face. In the experiment, the wave profiles and 
variation of mooring tensions are measured by a wave 
gage array and tension meters respectively. 
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Figure 4 Arrangement of experimental model 
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(2)Development of elastic mooring line 
In the second experiment, we investigated the 

effects of the usage of elastic line. The rubber chain 
is available to add the elasticity to the mooring chain 
in the field. The rubber chain is the chain covered 
with rubber and the rubber layer exists between each 
chain-rings. The rubber layer may be compressed 
when the tension acts on the line. The rubber chain 
makes the expansion for tension and shows the 
characteristics of tension- expansion similar to that of 
rubber lines. The rubber chain has been developed to 
protect the chain— ring from being worn by friction on 
seabed. 

We carried out the model test with the scale of 
1/25. The total length of mooring line is 35m so that 
the impulsive tensions may become significant The 
length of mooring- chain is 32m as the tension meter 
and joit equippments are included in the mooring line. 
The rubber chain employed in the field has two types 
of elasticity. We define the rubber chain with the 
smaller elasticity as 'chain-1' and that with larger 
elasticity as 'chain-2'. The model of rubber-chain is 
made from the elastic tube and wire. The elastic tube 
is stretched when the tension is smaller than the 
specified level. The stretch is prevented by the wire 
as the tension becomes larger that the level. 

The reduction effect for impulsive tensions may 
be changed by the length of rubber chain. We adopted 

two kinds of length; one is 32m(L-type) and another 
is 16m(S-type). The former means that the mooring 
chain is totally replaced to the rubber chain. The later 
means that the half of mooring chain is replaced by 
rubber chain. 

Figure 5 shows the comparison of the elasticity 
of prototype and model rubber chain. The horizontal 
and vertical axis represents the displacement from 
the original length and acting tension respectively. 
The elasticity curves of the prototype and model 

rubber chain agree well each other. The figures 
demonstrate that the displacement is large when the 
tension is small but becomes small when the tension 
becomes large. 

The significant height and period of acting 
waves is 4- 6.5m and 10- 14s. The experiment for 
rubber chain was carried out only for uni-directional 
waves. The generated irregular waves have a 
spectrum of Bretschneider- Mitsuyasu type. 

3.EXPERIMENTAL RESULTS 
(l)Analysis of impulsive tension 

Figure 6 shows the recorded profiles of mooring 
tension and waves. The upper, middle and lower 
profile represents the mooring tension for the normal 
buoy—chain system, that for the rubber chain and 
acting waves recorded at the buoy location 
respectively. In the upper figure, the impulsive 
tensions with high peaks appear. The peaks are 
reduced by employing the rubber chain shown in the 
middle figure. 

To compare the amplitudes of tensions, we 
define two types of statistical values; one is the 
maximum mooring tension TVeirm, another the 
averaged peak tension Tntm. The maximum mooring 
tension represents the maximum value in the 
obtained record. The record duration in the 
experiments corenponds to 2400s in prototype. The 
number of waves included in the record of 2400s may 
be 170-200. Therefore, the maximum mooring 
tension corresponds to the 1/200 heighest wave. The 
wave height is estimated by /fi/2oo=l.a//w when the 
wave height distribution follow the Rayleigh 
distributioa 

The averaged peak tension represents the 
average of five largest tensions as shown in the midle 
figure. The averaged peak tension corresponds to the 
1/40 highest wave which is given by Hvm = 1.5Hv3. 
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Figure 6 Profile of measured mooring tension 

(2)Experiment for improved buoy 
Figure 7 shows the variation of the 

averaged peak tension and maximum 
tension for the wave directionality. Fig.7(l) 
and (2) represents the variation of mooring 
tension of the buoy and anchor side 
respectively. We tested one case twise for 
two wave runs(group-1 and 2). Each wave T|| 

run is sinthesized in the same values of (tf) 
wave height and period. The randomness 
of water surface profile, however, is 
diffirent each other. The differences 
between the results in the first and second 
trial is very small as shown in the figure. 
The differences especially become small 
when the wave energy consentration 
becomes high. The diffrence is 6% for the 
case of Sum=75. The diffrence between 
the results of wave group-1 and -2 is 
also very small and less than 10% of the 
measured value. Therefore, we adopted 
the results averaged in the four trials   as 
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the representative tensions. 
The vertical finite broken lines indicate the 

standard deviation of each case. The standard 
deviation becomes small when the energy 
consentration becomes high. Therefore, one trial for 
each wave group is enough to obtain the accurate 
results for waves with the high enegy consentration 
or uni- directional waves. 

Compared for the Smn, the representative 
mooring tension becomes large when Sme becomes 
large except the case of Sma=5. The condition for 

uni-directional waves may become critical to the 
mooring system. Therefore, the experiment in 
uni- directional waves should be carried out to obtain 
the results in the safety side. Such the safety side 
estimation, however, may becom over-estimate in 
case of low energy consentration. Therefore, the 
experiments in directional random waves should be 
recommended for the economical design. 

In case of SaMx=5, the deviation of results is 
larger than the other cases. The reliability of the 
experimental results for 5IIK=5 may become lower 
than the other cases. It may be caused by the wide 
spreading of wave energy. The horizontal 
displacements of the buoy may become very large 
because the wave energy may approach from every 
direction. We adopted the cases with Stmx larger than 
5 for the comparison. 

Compared the maximum mooring tension in the 
buoy and anchor sides, the tension in the anchor side 
becomes larger. 

Figure 8 shows the comparison of mooring 
tensions for buoy type. The indication of A,B and C in 
the horizontal axis corresponds to the buoy type in 
Fig.3. The vertical axis represents the ratio of tension 
to square of wave height. The averaged significant 
period of acting waves is 12.8s. In case of 
uni- directional waves, the maximum tensions in the 
both sides of buoy and anchor become smaller for the 
buoy type B and C than the type A. However, the 
rate of reduction is not so large. The maximum 
tension may be reduced by about 30% by applying the 
improved buoy types. 

Meanwhile, in case of multi-directional waves, 
the mooring tension is not reduced by applying the 
improbed buoy. For example, the maximum tension in 
the buoy side indicated by the black circle becomes 
larger in case of the type B and C than in case of the 
type A. Therfore, the effect of improvement of buoy 
type  is  not  large.  The  other  methods  like  the 

replacement of mooring chain should be carried out to 
reduce the impulsive tension. 
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In order to get the rough estimation of effect of 
the elastic mooring line, we install a small spring into 
the mooring line of Type-A. Figure 9 shows the 
comparison of mooring tension in the normal chain 
and chain with spring. The tension of mooring chain 
in case with spring becomes smaller than that with 
out spring in any energy spreading. Therefore, the 
elasticity in the mooring line is effective to reduce 
the impulsive chain in the both cases of uni- and 
multi-directional waves. The employment of rubber 
chain may be effective to reduce the amplitude of 
tension in the field. 
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Figure 9 Tension reduction by spring 

(2)Experiment for rubber chain 
As demonstrated in Fig.9, the elasticity in the 

mooring line is effective to reduce the impulsive 
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tension. The impulsive tensions become larger in 
case of waves with high energy concentration. In the 
rubber chain experiment, we employed uni- 
directional waves and the large scale models- to 
prevent the scall- effect as possible. 

Figure 10 shows the variation of maximum 
tension for the types of mooring lines. The indication 
of "normal" represents the case of normal mooring 
chain without elasticity. "SI" and "LI" represent the 
cases of rubber chain with smaller elasticity. "S2" and 
"L2" correspond the rubber chain with larger 
elesticity. The vertical axis represents the ratio of 
tension in rubber chain to that in the normal. The 
figure demonstrates that the impulsive tension 
becomes small when the elasticity becomes large. 
Compared the length of rubber chain, the effect of 
reduction of impulsive tensions becomes large in case 
that the total chain is replaced to the rubber chain. 

In case of /fw=6^5m, the maximum tension is 
reduced to about 30% of that in the normal chain 
even if the only half part of mooring chain is replaced 
to the rubber chain. It demonstrates that the effects 
of reduction of impulsive tension by the rubber chain 
is very large and the only half replacement may cause 
much effects in case of high waves. 

normal    SI      LI      S 2 
chain-type 

L 2 

Figure 10 Variation of maximum mooring tension 
for rubber chain 

4. ESTIMATION OF EFFECT BY RUBBER CHAIN 
For   the   practical   application,   we   have   to 

estimate numerically the effects of rubber chains. We 
propose an simple model for impulsive tension. 

Assuming that the motion speed of the buoy is 
same to the velocity of water particles, the maximum 
displacement speed of the buoy is approximately 
expressed as follows. 

Uma= an H/T-coshkh/sinhkh (1) 

where, a is an coefficient for nonlinearity of water 
particles velosities and k the wave number and h the 
water depth. The balance equation of the kinematic 
energy of a buoy motion and the elastic energy of 
chain is given by 

0.5 K (mB- p VB) MHPX 
2 =0.5^ i /, (2) 

where ms represents the mass of buoy, VB the 
volume of buoy and p water density. K is the 
composed elasticity(tonf m) of the normal and rubber 
chaia The symbol of A Inmx indicates the streatced 
length of mooring line. The maximum streatched 
length can be estimated when the left side term of 
Eq.(2) is determined. The composed elasticity of 
mooring chain is given by 

K=y(l/ki+l/k2) (3) 

where ki and fo represents the elasticity of the 
normal and rubber chain respectively. The elasticity 
of the rubber chain is derived from Fig.4. The 
elasticity of the normal chain rings is derived 
according to Takayama et. al.(1984). Takayama 
etal.(1984) have proposed the following formula for 
estimation of the streached length. 

A /=(2+2U3 |S )P/</( td2 E) (4) 

where, A /:streached length, <i:diameter of chain ring, 
Eyzng's coefficient(=21500kg/mm), .P:tension. The 
coefficient jS is introduced to represent the shape of 
chain ring and 1.5 in this case. Substituting Eq.(l) 
into (2), we get the product of coefficients, « a2 . We 
employ a new coefficient Minstead of the product and 
define Mas the impulsive tension coefficient. 

In order to determine the value of M, we 
compared the measured and expected maximum and 
averaged peak tension for several values of M. As the 
wave heights, Hvxn and Hvto is applied to caluculate 
Tgmx and Tup• respectively. 

Figure 11 shows the differences between the 
measured and estimated tensions/The figure shows 
the comparison for cases of the normal chain and 
rubber chain with large elasticity. The vertical axis 
represents the errors of estimated to measured 
tensions. The figure demonstrates that the errors 
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become almost zero for M=0.8 in case of the normal 
chain. For the case of rubber chain, M. = \l is able to 
be adopted. Further comparison for the rubber chain 
with smaller elasticity demonstrated the good 
application of M= 1.0 for the chain. 
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Figure 11 Determination of impulsive 
tension coefficient 

Figure 12 shows the comparison of tensions 
measured and estimated for the impulsive tension 
coefficient proposed in Fig.ll. Fig.l2(a) and (b) shows 
the comparison for the maximum and averaged peak 
tension respectively. The estimated impulsive 
tensions agree well with the measured tension in all 
cases. The good agreement between the calculated 
and measured tensions confirms the validity of the 
approximate etimation model. 

Finally, we consider the replaced length of the 
rubber chain in field. The cost of rubber chain is 
generally higher than that of normal one. The length 
of replaced chain, therefore, should be reduced as 
possible. 

Figure 13 shows the variation of maximum 
impulsive tension estimated in the model assuming 
the water depth in the site is 30m and the total 
length of mooring line 40m. The figure demonstrates 
the variation of tension for the length of replaced 
chain. The horizontal axis represents the length of 
rubber chain(type-2) included in the mooring line. 
The impulsive tension is rapidly reduced even if only 
one-forth of the total line may be replaced to the 
rubber chain. Variation of the reduced tension is small 
for the cases of the rubber chain longer than 10m. 
Therefore, the employment of rubber chains may 
induce much effect to reduce the impulsive tension 
even if the replacement is small. The employment of 
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rubber chains is storongly recommended to preserve 
the damage of buoy. 

4.CONCLUSIONS 
(l)The improvement of buoy-type can not reduce 
the impulsive tensioa 
(2)The rubber chain is applicable to reduce the 
impulsive tension. The effect of the rubber chain to 
reduce the tension is able to be estimated in the 
numerical model. 
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1. INTRODUCTION 

At the ports faced to the Pacific Ocean, 
breakwaters must be constructed under the 
severe wave conditions. The installation works 
of caisson for breakwater are sometimes inter- 
rupted and suspended by wave conditions. And 
in the installation works, winches are hand- 
operated by several operators and it is 
sometimes dangerous. Then, the automatic 
installation system of caisson for breakwater is 
developed by use of computer system to 
improve the working conditions and efficien- 
cies of constructions. The automatic installation 
system uses a Engineering Work Station (EWS, 
Toshiba AS4050GX) with a A/D and D/A 
converter, winches operated by signals from 
EWS and the observation system. The com- 
puter system has programs for two type of 
installation procedures. These are the tugboats 
supported system and the anchored wires 
system. In the present, model experiments for 
the tugboats supported system are already 
carried out. In this paper, the outline of system 
and the result of model experiments are de- 
scribed1^. 

2. CURRENT METHOD OF INSTALLA- 
TION OF CAISSON FOR BREAKWATER 

2.1 Wave conditions of installation of caisson 
Installation works of caisson are sometimes 

suspended by wave action. Wave conditions for 
sixteen construction works are investigated in 
five ports which faced to the Pacific Ocean. 
Table 1 shows the example of them. Construc- 
tion works were sometimes suspended by 
wave actions. Open circles show that installa- 
tion work were carried out and crosses show 
that installation work of caisson were suspend- 
ed. These judgments are decided in the evening 
of the day before or in the early morning of the 
construction day. These judgments are decided 

by use of the wave forecasting and/or visual 
observation of waves in front of breakwater. 

Table 1 Example of wave conditions in 
installation work of breakwater 

.Date Hi/, T,/3 Note 

(m) (s) 

Dec. 3,1991 1. 36 11. 5 X 

4 1. 57 12. 2 X 

5 1. 30 12. 9 X 

6 0. 96 11. 6 O 

8 1. 11 6.0 X 

9 0.88 4. 6 X 

10 1. 02 5. 7 X 

11 0. 44 6. 1 X 

12 1. 27 5.6 X 

13 1.01 6.0 X 

14 0. 35 6. 8 O 

X : Installation of caisson is suspended 

O: Installation of caisson is carried out 

Figure 1 shows the wave heights and periods 
when the installation works are carried out or 
suspended. Closed circles and open triangles 
shows the wave conditions when installations 
are carried out or suspended, respectively. It is 
understood that installations of caisson are 
carried out when wave heights are smaller than 
1.0m. Then, new installation system must be 
clear at the least the wave condition of 1.0m in 
wave height. 
22 Current method of installation of 

caisson. 
Field observations were carried out to obtain 

information of the current installation method 

/ 
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Figure 1 Wave condition of installation work 
of caisson 

at the Port of Hachinohe in December, 1991. In 
this case, the size of caisson is 9.0m in width, 
15.0m in length, 12.0m in depth. The draft is 
8.131m and the weight is l,177tf. Figure 2 
shows the arrangement of a floating crane and 
winches and wires at the installation work. In 
this figure, the observation system to inves- 
tigate the installation works are also shown. In 
this investigation, following items are obtained. 

+ Natural condition(Waves and Winds) 
+ Order of conductor on the caisson 
+ Working record of winch operators 
+ Motions of caisson 
+ Distance between caissons 

This observed records are analyzed and used 
for the design of algorism for controlling 
winches in automatic installation system. 

Photo 1 shows the work on the caisson during 
installation. The conductor on the caisso^^^ 
command to all workers on the procedure o^^ 
installation. 

Photo 2 shows the winch operations in current 
installation method. Winch operators on the 
floating crane operated the winches according 
to the instruction and/or sign of the conductor 
on the caisson. Winch operators are obliged to 
work near taut wires and the work is 
sometimes dangerous. 

Photo 1 Works on the caisson 

Tugboat No.3 

Investlgator-3 

Inv«»tigBtor-4 
winch-3 

Hlnch-4 v/1- 

InvMtlg«tor-5 

Tugboat  No.l 

lnvastigator-1 
InvMtlgBtor-2 
Wlnch-l 

1/ 
Wlnch-2 

Harbour   aid* 

Tugboat  No.2 

Figure 2 Arrangement of floating crane and winches at the installation work 



Photo 2 Winch operation in current 
method 

3. NEW DEVELOPED AUTOMATIC 
INSTALLATION SYSTEM 

Figure 3 shows two systems of installation 
of caisson. In this research these two type of 
automatic installation systems are programmed 
by use of a EWS. 
Figure 4 shows the block diagram of this 

system. This automatic installation system is 
composed by following five parts. 
(a) Observing part 

In this part, wave height, position and motions 
of caisson and tensions and displacements of 
wires are observed. 
(b) Input/Output processing part 

In this part, observed data and operation 
signals computed by the EWS are transferred 
by use of the A/D and D/A converter system. 
(c) Controlling part 

In this part, the motions of caisson are pre- 
dicted taking into account the time difference 
of data transferring interval and delay of re- 
sponse of winches. In the prediction of mo- 
tions, the second order differential equation 
with six degrees of freedom of floating body is 
solved in the time domain analysis. Control 
signals for winches are produced by use of the 
predicted motions of caisson. 
(d) Displaying part 

In this part, the motions of caisson are dis- 
played in the monitor of EWS in realtime. 
(e) Indicating part 

In this part, the indications by operators are 
input by use of key board. 

4. RESULT OF MODEL EXPERIMENTS 

4.1 Model of caisson 
Model experiments for the tugboats supported 

Tugboat 

Tugboat 

Installing 
Caisson 

Tugboat 

Caisson 

2) 
0) 

® 

(l)'Rigboats supported system 

Pulley 

(2)Anchored wires system 

Figure 3 Method of installation works 
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Figure 4 Block diagram of automatic 
installation system 

system are already carried out by use of wave 
basin in PHRI. The model is 1/40 scale of 
7,500 tf caisson. Table 2 shows the dimen- 
sions of caisson. 
Model experiments are carried out in regular 

and irregular waves. Significant wave periods 
in model experiments are 0.95, 1.26, 1.58 and 
1.90s which are equivalent to 6, 8, 10 and 12s 
in prototype, respectively. The significant wave 

Table 2 Dimensions of caisson 

Item        Proto Model 

Length (m) 

Width (m) 

Depth (m) 

Draft (m) 

Weight (tf) 

25. 0 

20. 0 

19. 0 

15. 0 

7500 

0. 625 

0. 5 

0. 475 

0. 375 

0. 1 17 

heights in model experiments are 1.25, 2.50 
and 3.75cm and which is equivalent to 0.5, 1.0 
and 1.5m in prototype, respectively. Photo 3 
shows the model caisson and the installation 
system in model experiment. Three tugboats in| 
prototype system are imitated by three stands. 
In this frame, pulleys are installed and tensions 
by tugboats are imitated. And water is charging 
by use of apparatus. The charging velocity of 
water is constant in this model. 

Photo 3 Model caisson and installation 
system 

4.2 Observation system 
Figure 5 shows the components of motions of | 

caisson and wires. The No.l and No.2 winches' 
and wires are used for the pulling work of 
caisson at approaching task. The No.3 and No.4 
winches and wires are used the modification of 
position of caisson at installation task. 

winches and wires 

(Yaw) X (Surge) 

(Roll) 

(Sway) 

Inittllln? Cainon 

Figure 5 Component of motions of caisson 
and winch system 

Figure 6 shows the observation system in 
model experiment. Observed data are wave 
height, motions of caisson, loads of winches, 
displacements of wires and controlling signals^^ 
to winches. For the measurement of motions oW" 



caisson, X-Y tracker system (C3162, Hama- 
matsu Photonics Co., Ltd.) and the motions 
measurement system (TMOS-2000, TOKI- 
MEC Co., Ltd.) are used. In the model experi- 
ments, surge, sway and heave observed-by the 
former system and roil, pitch and yaw by the 
latter system are used for the position control of 
the caisson. 

are 7^=0.95s  (6.0s  in  prototype)     and 
T1/3=1.90s (12.0s in prototype). The significant 
wave height is H^i.Scm (1.0m in prototype). 

Photo 5 shows the model caisson and winch 
system during installation work. Boxes on the 

Sttnd inlticid 
wire   Tugboat No.2 

(Constant     (     ^ 

Photo 4 View of model experiment 

w.v. Dir.ctlon Have Dlr,ctl0n 
sod.,        ,oaeg 

Figure 6 Arrangement of model and 
observation system 

Figure 7 shows the block diagram of observa- 
tion system. The A/D and D/A converter 
system is DASBOX Model-12/512 (A/D 32ch 
and D/A 8ch, System Design Service Co., 
Ltd.). This system is directly controlled by the 
EWS. 

Toiihib. 
EWS AS405U HASIRnX Mndcl-12/512 

— 
XY Tracker 

" fanrvh \ 3ch 
(UX moocl) |                ,•       . 

l ! llncrviliDn '     ' Wive Giuge 
Ich 

rnnlrn) 

Motions Measurement 
System CTMOS-2000) 

6di 

Amplifier •*— 
Tension Meter 

Amplifier *— Displacement Meter 
4ch 

. 
DASBOX ModeM2/512 Controlling System 

o( Winch 
Winch       •tch 

(DAHctil 

Photo 5 Model caisson and winch system 
during installation work 

Figure 7 A/D and D/A converter system 

Photo 4 shows the view of the model experi- 
ment of installation work in waves. 
4-3 Trace of gravity center of caisson 

Figures 8 and 9 show the trace of gravity 
center of caisson in irregular waves at the 
installation work. In these figures, wave direc- 
tions are 90 and 60 degrees and wave periods 

Photo 6 Model caisson and winch system 
after installation work 



caisson are the sensor units of the motion 
measurement system. At the start point, the 
distance of between caissons is 25cm (10.0m in 
prototype). By use of the automatic installation 
system, the caisson is finally installed at the 
target position as shown Photo 6. Installation 
errors were measured by use of a scale after 
installation work. In the short wave periods, the 
motions of caisson are small and the installa- 
tion works are stable. In the long wave periods, 
the motions of caisson become large. 
4.4 Time histories of motions of caisson 
Figures 10 and 11 show time histories of 

motions of caisson. In these figures, the mo- 
tions of surge, sway and heave are shown. 
Wave conditions are same as Figures 8 and 9. 
Surge motions of caisson in the early stage of 
installation work are continuously approachin 
to the side of caisson which are already in- 
stalled. In this stage, the No.l and No.2 winch- 
es in Figure 5 are mainly controlled. And the 
next stage, winch No.3 and No.4 are mainly 
controlled and the errors from normal line are 
modified and finally installed at the target posi- 
tion. According to the charging, the heave 
motion become small. 
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Figure 8 Trace of gravity center of the 
caisson in irregular wave 
(Wave direction; 90 degrees) 

Figure 9 Trace of gravity center of the 
caisson in irregular waves 
(Wave Direction: 60 degrees ) 
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Figure 10 Time histories of motions of 
caisson in irregular wave 
(Wave direction; 90 degrees) 

4.4 Installation error 
Tables 3 and 4 show installation errors in 

regular and irregular waves, respectively. In 
these tables, errors in normal line (X-direction) 
and errors in perpendicular to normal line (Y- 
direction) are shown respectively. Model ex- 
periments in irregular waves are carried out two 
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Figure 11 Time histories of motions of 
caisson in irregular waves 
(Wave direction; 60 degrees) 

times in same wave condition, then those 
values are written in Table 4. In the case of 
short wave periods or small wave height, the 
installation errors for X-direction and Y- 
dircction are small. In the case of long wave 
periods or large wave height, installation errors 
become   large   because   motions   of  caisson 



Table 3 Installation errors in regular waves 

Ttguiir wive 

WAVE ANGLE 

WAVE HEIGHT 

INSTALLATION 
ERROR 

WAVE 
I PERIOD 

6 (sec) 

8(iec) 

10 (uc) 

12 (sec) 

90(deg) 

0.5 (m) 1.0 (m) 1.3 (m) 

X(cjn)Y(oil)   X(c3ii)Y(an) 

0.0      0.0     {    0.0 

0.0      0.0 
— 

0.0      -0.8 

X (an) Y (an) 

0.0      -0.6 0.0      -0.7 

0.0     +0.4 

60(deg) 

1.0 (m) 

X (an) Y (on) 

0.0     -0.8 

Table 4 Installation errors in irregular waves 

irregular wave 

1    WAVE ANGLE 90(deg) 60 (deg) 

WAVE HEIGHT 0.3 (m) 1.0 (ra) 1.3 (m) 0.3 (m) 1.0 (m) 1.3 (m) 

INSTALLATION 
ERROR 

X(an) Y(an) X(an) Y(an) X(an) Y(cin) X(an) Y(aii) Xtan) Y(an) X(ar) Y(an) 

  

WAVE 
PERIOD 

6 (sec) 
0.0 
0.0 

-OJ 
-0.4 

0.0      0.0 
0.0      -0.3 

0.0    +1.0 
0.0    +1.3 

0.0    +1.1 
0.0    +0.8 

0.0      0.0 
0.0      0.0 

+0.3   +1.6 
+0.4   +0.5 

8 (sec) 
0.0 
0.0 

+0.3 
0.0 

0.0     -0.3 
0.0    +2.4 0.0    +1.8 

0.0    +0.3 
0.0     -0.3 

0.0      0.0 
0.0    +0.8 

0.0     +1.2 
+0J   +2.2 

10 (sec) 
0.0 
0.0 

+0J 
+0.6 

0.0    +0.3 
0.0    +2.0 HHPI 0.0     -0.6 

0.0      0.0 
o.o   +0.4   Mffflmim 
+0.3 +o.6   ISBPIHPI 

12 (sec) 
0.0 
0.0 

+0.3 
+0.6 

0.0    +1.0 
0.0     +0.6 liii °-° - +0.3   +0.3 

+0.4   -2.1 m.- \ 
become large during installation. In the current 
installation works, the limitation of installation 
errors is about 0.2 to 0.5 m. That value is corre- 
spond to 0.5 to 1.25 cm in model scale. Then, 
in this automatic installation system is satisfied 
the limitation in the wave height of 1.25cm 
(0.5m in prototype) for all wave periods. In 
the case when wave height is 2.5cm(1.0m in 
prototype) and wave periods from 1.26s to 
1.90s (8s-12s in prototype), installation errors 
sometimes exceed the limitation. In this model 
experiment the charging velocity of water is 
constant, but in actual installation works, the 
charging velocity accelerate just before the 
installation. If the situation can be simulated in 
the model experiment, installation errors shall 
be smaller. 

5. CONCLUDING REMARKS 

In this research, a new installation method of 
caisson for breakwater is developed. By use of 
this system, caissons for breakwater can be 
installed automatically by use of computer 
system. In this paper, automatic installation 
system which use the tugboats supported 
system are described. This research is going to 
continue and the anchored wires system may 
also    be    certified    through    the    model 

experiment. The authors believe that these 
systems will bring the improvement of condi 
tion of winch works and efficiencies of installa- 
tion works of caisson for breakwater at the 
ocean-facing ports. 
The authors express their sincere appreciation 

of members of the committee in the Japan 
Dredging and Reclamation Engineering Asso- 
ciation for their kindly discussions in this re- 
search. 

REFERENCE 

l)Satoru SHIRAISHI, Haruo YONEYAMA, 
Hajime MATSUI, Shigeru UEDA and Yoshi- 
kuni OKAYAMA: "Experimental study for 
automatic installation of offshore structures", 
Proc. of International Conference on Floating 
Structures in Coastal Zone, Port and Harbour 
Research Institute, MOT ,1994.10, pp.430-441. 
2)Haruo YONEYAMA, Satoru SHIRAISHI, 
Kengo NAZATO, Shigeru UEDA, Hajime 
MATSUI, Yoshikuni OKAYAMA and Hidc- 
toshi TAKAHASHI : "Development of au- 
tomatic installation of caisson with tugboats 
and its evaluation by model experiment", Proc. 
of 13th Ocean Engineering Symposium, The^ 
Society of Naval Architects of Japan, 1995.7 (i^fc 
Japanese) ^^ 



On the Wind and Cui-r-ent: forces 

Acting on a. Ultra Large 

Floating Platfor-m 

Shigeo OHMATSU, Shoichi HAEA 

Ocean Engineering Division, Ship Research Institute, 

Ministry of Transport, Tokyo 

Introduction 
Wind force and current force are of 

considerable interest in the context of 

design of huge floating platform, 

particularly because they will make up 

big part of steady external force in 

horizontal direction acting on a 

extensive floating structure more than 

wave drifting force. Therefore, the 

accurate estimation of wind force and 

current force in horizontal direction is 

quite important for the design of 

position keeping system of such 

structure. 
In this paper, as a ultra large 

floating platform, we consider a mat 

like very long platform which will be 

used for floating airport. The size is 

5000m long, 1000m wide and 5m height 

(draft is 1m, height above waterline is 

4m). The configulation is quite simple 

but its drag coefficient is not well 

known because the size is very large. 

For example, even in the famous text 

book  of  Hoerner i) we can  not  find 

suitable  table  or  chart  for  such 

structure. 
In general, drag force acting on 

structure can be represented by two 

components, namely, pressure drag force 

and friction drag force. Pressure drag 

force is caused by the pressure 

distribution acting normal direction on 

the surface of structure. On the other 

hand, friction drag force is caused by 

the friction acting tangential direction 

on the surface. For the ordinary 

structure, drag force is generated by 

flow separation around the body, and 

then pressure drag makes up most of drag 

force. However, for a huge offshore 

structure which has wide horizontal 

plane, like a floating airport, friction 

drag also will make up a big part of 

wind and current forces. Then the exact 

estimation of friction drag is 

indispensable. 

In order to evaluate the pressure 

drag coefficient and friction drag 

coefficient, we conducted model 

experiments using wind tunnel and towing 

tank. Special attention was paid on the 

estimation of friction drag coefficient. 

This paper descibes the methods and 

results of model experiments and shows 

estimated wind and current loading 

acting on a full scale structure. 

1. Wind Drag Coefficient 

1.1 Method of Wind Tunnel Test 

The experiment was conducted in a 

closed-return wind tunnel. The working 

section of the tunnel is 15m long, 3m 

wide and 2m height and maximum wind 

speed is 30m/sec. On the floor of 

upstream, a roughness board is installed 

in   order   to   generate   vertical 



distribution of wind velocity. The mean 

wind velocity used for experiment(which 

is refered as Uo hereafter) was 10,15,20 

and 25m/sec. 

The model used for wind tunnel test is 

not a scale model of whole structure. It 

is considered as a scale model of fore 

part and aft part. The model is composed 

by 15 box type models. One of them is 

measuring part and the others are dummy 

parts. Each box is 2m long, 1m wide and 

0.15m in height. Whole model is made by 

arranging these boxes and its size is 

10m long, 3m wide and 0.15m height as 

shown in Photo. 1 and Fig.1. In this 

case, the flow field will be two- 

dimensional. This case is refered as A 

condition. If we removed five dummy 

boxes as shown in Fig.1, the flow field 

will be three-dimensional and it 

simulates the flow of corner part. This 

case is refered as B condition. The 

scale ratio Is 1/26.66 because the model 

height 0.15m corresponds 4m in full 

scale. 

The measuring box has 118 small holes 

to measure wind pressure distribution. 

This measuring part can be moved any 

place then we can measure the pressure 

distribution at any point. 

The wind pressure was measured using 

Hyscan pressure transducer. The wind 

velocity in the working section is 

measured by a Pitot-static tube mounted 

on a ceiling at entrance of working 

section. The wind velocity distribution 

around the model is measured using a 

constant-temperature hot-wire anemometer 

mounted on a XYZ-traverse device. 

Using these experimental set-up, we 

can measure pressure distribution and 

wind velocity distribution around the 

model. Pressure drag coefficient can be 

estimated by integration of measured 

pressure distribution. Friction drag 

coefficient can be estimated by measured 

vertical distribution of mean wind 

velocity on the model surface. 

An attempt to measure directly the 

friction drag was also made using same 

model but another set-up shown in Fig.2. 

In this case we filled water inside of 5 

boxes of center part and the upper plate 

of this part was floating and fixed on 

the water proof load cell. The upper 

plate was made by 11 plates as shown in 

Fig.2. Connecting and dis-connecting 

these plates we can measure friction 

force on each plate. 

1.2 Results of Wind Tunnel Test 

(a)Generated Wind Profile 

Natural wind has vertical profile due 

to the surface friction. In order to 

reproduce the vertical profile in the 

wind tunnel, we used roughness board as 

shown  in Photo.1.  The roughness was 

adjusted by try and error to obtain 

specified verical profile. Fig.3 shows 

finally obtained vertical  profile of 

mean  wind  velocity  and  turbulence 

intensity on the floor at 3.3m from the 

beginning  of  working  section  which 

corresponds the leading edge position ofi 

model. The obtained vertical profile of 

mean   wind   velocity   is   nearly 

proportional to 1/7 power of height z as 

shown in Fig.3. The height z=37.5cm 

corresponds 10m above sea surface in 

full  scale  then  the  measured  wind 

velocity at z=37.5cm(which is refered as 

Uio  hereafter)  was  used  for  data 

analysis. The turbulence intensity is 

about 8Z which is a little smaller than 

that of natural wind. Fig.3 also shows 

the profile of without roughness board 

case. In this case the turbulence is 

very small. The experiment was conducted 

in both cases. 

(b)Pressure Drag Coefficient 

Pressure drag coefficient can be 

obtained from measured pressure 

distribution. Fig.4 shows an example of 

measured pressure distribution at fore 

side and aft side in B condition o 

Uo=20m/sec. Here CP is pressure 

coefficient   non-dimensionalized   by 

e 



dynamic pressure 1/2/oUio2- This CP 

value was almost same in the cases of 

other wind velocity. Fig.5 shows 

integrated value in vertical direction, 

CP(y)=JCp(y,z)dz /h . At right hand side 

of this figure, Cpf") values obtained in 

A condition are shown. By integration of 

this CP (y) values at fore side and aft 

side, assuming CP (y>1m)=Cp (<») , we can 

obtain the pressure drag coefficient for 

the rectangular box of arbitrary 

breadth. We ignore the length effect 

because the model length is sufficiently 

large. The pressure drag coefficients 

obtained for the breadth corresponding 

to full scale structure are summarized 

in Table.1. 
We assume that these pressure drag 

coefficients can be directly used for 

the estimation of pressure drag of full 

scale structure because this structure 

has sharp leading edge and flow 

separation point is fixed then the 

pressure drag coefficient will be nearly 

independent of the Reynolds number. 

(c)Friction Drag Coefficient 

Friction drag coefficient can be 

estimated using the vertical 

distribution of mean wind velocity 

measured on model surface. In the 

experiment, the wind velocity was 

measured at following points; 

x = Odeadind edge), 0.1, 0.2, 0.4, 

0.6, 0.8, 1.0, 2.0,  8.0, 9.0m 

z = 2.0, 2.3, 2.6, 3.0, 3.5, 4.0, 5.0, 

 65.0, 80.0cm. 

Turbulent boundary layer theory2' 

says that in the vertical profile there 

is some region where the wind velocity 

is proportional to logarithm of height 

z. Fig.6 shows an example of such 

vertical profile. From vertical profile 

of velocity, displacement thickness S * 
and momentum thickness 6   defined as 

d*=Jo(1-U/U-)dz, 

0=MU/U-)(1-U/U-)dz 

can be obtained. Fig.7 shows an example 

of these values along the model length. 

The ratio 5*/0=H is called shape 

parameter and it is said that the flow 

separation can occur at the region 

H>2.6~2.7. Then Fig.7 implies that there 

is flow separation at leading edge part. 

The friction drag coefficient Ci can 

be estimated by Ludwieg & Tillraan's 

empirical formula3' as follows; 

C,=0.246X10-0-678H R*"0-268, 

where Re=U. G / u . 

The local friction drag coefficient 

Cr obtained by this method is shown in 

Fig.8 comparing with that of flat plate 
calculated by Plandtl-Schlichting 

formula2' . The drag coefficient obtained 

by direct measurement of friction force 

was almost same value but a little 

greater as shown in Fig.9. 

Integrating this coefficient C(  on 

whole length, we can obtain overall 

friction drag coefficient CP. The length 

of   full   scale   structure   5000m 

corresponds  187.5m(=5000X0.15/4)   and 

1000m corresponds 37.5m(=1000X0.15/4) in 

model scale. But measured length in wind 

tunnel is only 10m as shown Fig.10. 

After 10m,  if we assume that Ci    is 
constant value, it crosses with Cf curve 

of flat plate at some point and after 

that point it becomes greater than flat 

plate value. There are two ideas, one is 

constant after 10m, another one is flat 

plate value after cross point. We are 

not  sure which  is  correct.  Then we 

employ  both  ideas  in  the  following 

analysis. 

Even if we obtain overall friction 

drag coefficient CF, it can not be used 

directly for the estimation of friction 

drag of full scale structure because 

friction drag coefficient is affected a 

great deal by Reynolds number. Therefore 

we evaluate CP of full scale structure 

from that of model through the procedure 

shown in Fig.11. In this procedure, the 



drag ratio is essential and it is 

assumed to have no Reynolds number 

effect. The friction drag coefficient of 

flat plate is given by Plandtl- 

Schlichting2) as follows; 

CF=0.455(log RL)"258 . 

The overall friction drag coefficient 

CP of model and flat plate and their 

ratio are shown in Fig. 12. This figure 

includes the extrapolated results by the 

method mentioned above. From this figure 

we can obtain drag ratio for the 

structure of arbitrary length. 

Moreover we assume that this drag 

ratio is same even if the surface has 

roughness. The friction drag coefficient 

of flat plate in rough surface case is 

also given by Plandtl-Schlichting2' as 

follows; 

CP=(1.89 + 1.62 log L/ks)"25 

102 < L/ks < 106 , 

where ks is roughness parameter so- 

called equivalent sand roughness size. 

2. Current Drag Coefficient 

2.1 Method of Towing Test 

In order to estimate the current drag 

coefficient, towing test was conducted. 

The model used for towing test is a 

scale model of whole structure. The 

scale ratio is 1/500, then model length 
is 10m and breadth is 2m as shown in 

Photo.2 and Fig. 13. For the draft, it 

should be 2mm in correct scale ratio, 

but we could not achieve so small draft. 

Therefore we conducted towing in three 

condition changing the draft as 2.3cm, 

3.3cm and 4.3cm. And we tried to 

extrapolate the results to the condition 

of 2mm draft. Towing test in shortened 

length (L=6m and 2m) was also conducted. 

Comparing these results we try to obtain 

pressure drag and friction drag 

separately. 

The towing force was measured by load 

cell mounted between model and towing 

carriage. The towing speed was 5cm/sec ~ 

34cm/sec. 

2.2 Results of Towing Test 

Fig.14 shows measured total drag 

forces in three length conditions and in 

three draft conditions. This figure 

shows that the total drag force 

coefficient non-dimensionalized by 

l/2pV2Bd increases with increase of the 

model length L and it decreases with 

increase of the draft d. It implies that 

the drag force include friction drag 

which is almost propotional to the 

wetted surface area. Then, from these 

results, we tried to estimate pressure 

drag component and friction drag 

component separately. 

At first we assume that the pressure 

drag does not change with the change of 

the model length L. And we consider that 

the difference of the total drag forces 

is due to the difference of friction 

drag.  Considering like that, we ca 

obtain local friction drag coefficient 

Cf2-6 for the part of x=2~6m and Cf6-io 

for the part of x=6~10m. They were 

almost  same  value.  For  the part  of 

x=0~2m, Cfo-2 was assumed to be 90Z of 

the following part from the result of 

wind tunnel test. Then we can obtain 

overall friction drag coefficient CF and 

the remaining force is considered as 

pressure drag force. 
Fig.15 shows the friction drag 

coefficient and pressure drag 

coefficient obtained by the method 

mentioned above for each draft 

condition. These drag coefficients are 

mean values obtained for various towing 

speeds between 0.15~0.32m/sec. These 

coefficients are nearly independent of 

the draft and take the values about 

CP=0.446 and CF=0.0051. SO, we assume 

that these values are also valid for the 

case of draft d=2nun. 

For the case of L=2m, it correspond' 

the transverse flow direction condition. 

• 



we obtained CP=0.446 and CF=0.0048 by 

the same way. 

The friction drag coefficient of full 

scale structure will be estimated by the 

same procudure shown in Fig.11. In the 

case of current force, the drag ratios 

become 1.34 for the case of L=5000m and 

0.91 for the case of L=1000m. 

3. Wind and Current Forces Acting on the 

Full Scale Structure 

From the results of experiments and 

data analyses mentioned above, the wind 

force and current force acting on the 

full scale structure were estimated. In 

the estimation of wind force, refering 

Fig.12, drag ratios were taken as 

1.09(Cf=constant), 0.96(Cf=Cf of flat 

plate after cross point) for the case of 

L=5000m and 0.86 for the case of 

L=1000m. For current force estimation, 

the drag ratios were taken as 1.34 for 

the case of L=5000m and 0.91 for the 

case of L=1000m as mentioned above. 

Estimated results are summarized in 

Table.2 and 3. These tables indicate 

that the friction drag is much bigger 

than pressure drag in our structure's 

case. 

Concluding Remarks 

In this paper we discussed the 

estimation method of wind force and 

current force acting on a huge floating 

offshore structure which has wide 

horizontal plane. The model experiments 

using wind tunnel and towing tank were 

conducted and fluid drag coefficients 

for such huge structure were estimated. 

But there ramains still some 

uncertainties on the friction drag ratio 

of the structure and flat plate. On this 

point, more precise model experiments 

are needed. 
Anyway, for the estimation of 

friction drag of huge structure, we have 

to study how to include the effect of 

fluid velocity fluctuations in space 

domain. Therefore, an at-sea measurement 

using nearly prototype size model is 

strongly expected in order to confirm 

the results of model experiments and to 

gather more informations on natural wind 

and current in real ocean. 
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Tiblt.l Pressure drag coefficient C, 

X with S.B. without E.B 

Z" o" 0.427 0.557 

X-90o 0.424 0.355 . 

(R.B.=roughness board) 

Table.2 Estimated wind forces of full scale structure 

U,o=23n>/aec  unlt:ton 

Z-O" 

X'90' 

Pressure Drag 

(Cr=0.43) 

70 

(C,»0.42) 

330 

Friction Drag 
(Cr=Q.OOI3) 

260 
(Cp-0.0012) 

230 
(Cr=Q.0013) 

2 30 

Total  Drag 

330 

300 

580 

Uio'SOm/sec unit:ton 

X Pressure Drag Friction Drag Total Drag 

(Cr=o.con) 
z-o* (0,-0.43) 

270 
970 1 230 

(CF=0.0011) 

850 1 1 20 
X-'O" (C,=0.42) (Cr°0-0012> 

1 330 900 2230 

Table.3 Estimated current forces of full scale structure 
V-0.8kt(=0.412n/sec) unif.ton 

X Pressure Drag Friction Drag Total Drag 

X'0' (C,=0.45) 

4- 

(C,=0.0020) 

85 88 

r-'o" {O,»0.45) 

1 9 

(CpcO.0016) 

TO 89 

V=2.0kt(=I.029m/sec) unlt:ton 

X Pressure Drag Friction Drag Total Drag 

x-o8 (Cf=0.45) 

2A- 
(Cf=0.0018) 

4.73 4.97 

X'W (C,=0.45) 

1 20 

(C,=0.00I4) 

389 509 
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ABSTRACT 

Electronic nautical charting plays a 
major role in providing safe and 
efficient navigation of vessels 
primarily involved in commerce, 
fishery landings, marine recreation, 
cruises and research activities on 
the civil side, and naval operations 
for the military. In order to 
determine the contributions of 
electronic charting to marine 
transport operations, and the 
priorities for converting to 
electronic charts, this paper 
provides a general assessment of the 
economic value and importance of 
shipping operations out of U.S. 
ports including: foreign commerce, 
fishery landings, accidents, oil 
spills and military needs. This , 
assessment will enable establishing 
priorities for electronic charts 
based on importance in serving U.S. 
Ports and U.S. Coast Guard 
Districts. Many accidents and spills 
are due to human error in ship 
navigation. In many cases these can 
be averted by using Electronic 
Nautical Charts (ENC) integrated 
with other navigation aids to 
provide features for 
collision/grounding avoidance. In 
its supporting role, ENC will help 
promote sustainable development of 
marine transport operations. In 
addition, ENC provides geodetically 
accurate coastal mapping to serve as 
a reference base for Geographic 
Information Systems (GIS). 

INTRODUCTION 

The objective of this paper is to 
show the economic importance of 
nautical charting, especially ENC, 

and its integral role in 
contributing to marine transport 
operations, that contributes well 
Over 500 billion dollars in handling 
foreign commerce alone, and much 
more, if you consider fishery 
landings, the supporting maritime 
industry, port and harbor 
operations, jobs and related 
economic beneficiaries. 

This paper will compile and 
illustrate multi-source data on a 
map of the U.S. in a common form, by 
overlaying statistical information 
of several key factors related to 
economic gains and losses in marine 
transport operations, and provide a 
national overview. Presently, the 
U.S. Coast Guard is preparing an 
overview of oil spills to be 
depicted on a national map. 

The priorities for providing 
electronic charts will be based on 
their importance for safe 
navigation, especially in ports and 
waterways subject to: heavy traffic 
in transporting foreign commerce and 
fishery landings;frequent accidents 
and oil spills; and important 
defense needs. 

BACKGROUND 

Prior to preparation of this paper, 
the author had contacted several 
leading sources including, U.S. 
Coast Guard, U.S. Army Corps of 
Engineers, NOAA, many of which have 
computer-compiled statistical data 
bases that can be analyzed and 
structured for different needs. 
Also, libraries of information and 
research services are available at 
the National Transportation Research 



Board and the American Association 
of Port Authorities. 
The Marine Board of the National 
Research Council has conducted 
comprehensive assessment studies on 
the subjects of marine navigation, 
piloting and nautical charting, as 
reported in their book, "Minding the 
Helm", published by the National 
Academy Press in 1994. One 
recommendation stated that "NOAA 
should accelerate digitization of 
hydrographic and topographic data 
essential for providing nautical 
charts electronically". The Marine 
Board has also conducted a study 
entitled, "Charting a Course into 
the Digital Era", that provides an 
assessment of present and future 
needs of users of nautical charts 
and related information products. 
The report stated that the 
priorities for any new and revised 
charts should be placed on those 
areas where hazards to navigation 
pose the greatest threat to the 
safety of people and ships. These 
are areas of known obstructions, and 
usually the busiest ports and 
waterways. 

There are economic studies, 
including cost-benefit analyses of 
•nautical charting. Analysis by the 
Royal Australian Navy's Hydrographic 
Office indicated that it is 
difficult to obtain exact cost- 
benefit ratios, but concludes that, 
"What is beyond reasonable doubt is 
that the existence of official UD- 
to-date charts has a benefit to the 
national economy that greatly 
exceeds the cost of the Hydrographic 
Programme". The Canadian 
Hydrographic Service cites benefits 
to cost ratios ranging between 9.4 9 
and 11.85, in 1989. It is difficult 
to quantify cost-benefit ratios. 

Electronic nautical charting systems 
and related information and data- 
bases provide a vital supporting 
role in ensuring sustainable 
development of marine transport 
operations that  fulfill national 
needs that have major economic, 
social, and environmental 
implications that equate to hundreds 

of billions of dollars in the U.S. 
economy. The primary role of 
nautical charting is safe and 
efficient marine navigation of 
vessels primarily involved with 
commerce and sustained economic 
development in harmony with the 
environment. The navigation function 
is greatly enhanced by converting 
these information and databases to 
digital format to provide accurate 
electronic charting with data that 
can be integrated with other 
navigational aids such as the Global 
Positioning System(GPS),real time 
radar displays and real time water 
levels and currents. Progress toward 
electronic charting is essential for 
safety to ensure compatibility and 
availability for "electronically 
equipped" foreign vessels entering 
U.S. waters. 

ROLE OF ENC 

ENC provide safe and efficient 
navigation, an accurate baseline for 
GIS, and a role in maximizing 
economic growth and gain for marine 
transport operations. Marine 
transportation accounts for 99 % of 
the value of foreign commerce, 
equating to 562 billion dollars per 
year in economic terms. Marine 
transportation of commercial fishery 
landings at U.S. coastal ports 
amounts to 1.9 billion dollars per 
year. ENC can help reduce economic 
losses due to ship accidents 
resulting in ship damage, injuries 
and loss of life, and loss of 
revenue. Reductions in accidents 
would also reduce economic losses 
due to oil spills, resulting in loss 
of cargo revenue, and damage to the 
marine environment and marine living 
resources habitat. Reduction of 
accidents could contribute to 
lowering underwriting insurance 
costs, which is a major operating 
cost factor. Operational risks may 
be further reduced by standardizing 
use of ENC, including use of metric 
units. ENC incorporated within an 
integrated navigational system 
appears to be far more cost 
effective for oil spill mitigation 
than double hull conversion and 



providing spill response capability; 
though the later is always needed in 
standby. On a world wide basis, 
double hull requirements are costing 
on the order of 20 billion dollars, 
and standby marine oil spill 
response capability is costing about 
100 million dollars per year in the 
U.S. alone. For example one single 
hull ship converted to double hull 
costs as much as 24 million dollars, 
about the same cost to convert all 
one thousand U.S. paper charts to 
ENC. Also, ENC provides a more 
accurate, computer-manipulative data 
base, that is more amenable to ease 
of update and access, thus further 
reducing costs. 

In addition to navigation, a 
valuable alternate use of digitally 
converted electronic charts is to 
provide a framework for overlaying 
data bases keyed to Geographic 
Information Systems (GIS) of 
particular importance to decision- 
makers meeting economic, social, and 
environmental needs in sustainable 
coastal ocean space development. 

PRIORITY FACTORS 

Marine transportation and related 
systems and facilities provide for 
the economic growth and jobs needed 
to support a steadily increasing 
population growth. This is the 
positive side of sustainable 
development. On the negative side, 
there are economic, social and 
environmental losses due to 
accidents, oil and hazardous 
material spills that result in loss 
of cargo revenues, injuries, loss of 
life, as well as pollutants from 
poor waste management practices. 

Economic Gains 

Marine transportation accounts for 
99% of the value of transport of 
foreign commerce. The American 
Association of Port Authorities has 
reported the value U.S. waterborne 
foreign commerce at a total of about 
562 billion dollars in 1994. The 
value of commerce handled at the 
major ports in the U.S. are listed 

in table 1. Only the top 20 ports 
out of a total of over 150 U.S. 
ports are listed. 
The leading ports on the U.S. West 
Coast are Los Angeles and Long 
Beach, followed by Oakland and 
Tacoma. The leading ports on the 
U.S. East Coast are New York/New 
Jersey followed by Hampton Roads, 
VA, Baltimore, Miami and Charleston. 
The Gulf Coast's leading ports are 
Houston, New Orleans and South 
Louisiana. Marine transportation of 
foreign commerce dwarfs all other 
uses in economic terms. Since man 
does not live on bread alone, other 
uses such as commercial fishery 
landings, marine recreation and 
cruises, also provide economic gain. 

According to the National Marine 
Fisheries Service, commercial 
fishery landings in the U.S. 
amounted to a total of about 3.5 
billion dollars in 1993. However, 
U.S. coastal ports accounted for 
about 1.9 billion dollars. Coastal 
port ranking, based on value in 
millions of dollars, is given in 
table 2 and illustrated in figure 2. 
Only the top 26 coastal ports in 
commercial fishery landings are 
listed. Alaska is the leading state 
with the ports of Dutch Harbor, .. 
Kodiak, Petersburg, Ketchikan, 
Kenai, and Westport providing 19% of 
the U.S. coastal landings. The North 
East Atlantic Region ports of New 
Bedford, MA, Portland, ME, Cape May, 
NJ, Point Judith, RI and Gloucester, 
MA provide about 14%. The ten Gulf 
of Mexico Ports listed provide about 
16%. 

Economic and Environmental Losses 

The U.S. Coast Guard has provided 
data on commercial vessel accidents 
as reported in their eight 
districts, during the period 1992- 
1994. Table 3 and figure 3 are based 
on summarizing that data. The 
accidents include collisions, 
groundings and allisions, a Coast 
Guard term for colliding with fixed 
structures such as bridges or 
offshore stations. The numbering of 
the districts reflects earlier 



consolidations. In regard to 
district size and activity. District 
08 headquartered in New Orleans 
includes many major ports and busy 
waterways  The number of accidents 
in District 08 is almost 57% of the 
total, and almost an order of 
magnitude greater than any other 
district. The other districts are 
comparable with one another. The 
damage figures for all districts are 
those reported at the scene and may 
not track.final figures. During this 
three year period, the damage 
reported at each district ranged 
between 1 to 5 million dollars, 
except for District 08 at about $23 
million. These accidents cause 
damage to the ships, injuries to 
people, loss of lives, loss of cargo 
revenue and damage to the 
environment. In 1992, the Queen 
Elizabeth II, one of the world's 
premier cruise ships, ran aground 
and was damaged in Vineyard Sound on 
an unchartered rock. The task of 
surveying and charting is an 
important ongoing requirement. Also, 
ENC integrated with navigational 
aids such as radar, differential GPS 
and vessel traffic systems can 
provide a major improvement in ship 
navigation and accident avoidance. 

Accidents causing hazardous material 
and oil spills not only represent 
lost revenue but can be damaging to 
the environment, especially to 
living and non living marine 
resources i.e. fisheries, marine 
habitat, wetlands, beaches and 
coastal properties. Figure 4 
illustrates the amount of oil 
spilled (in millions of gallons) in 
the U.S. over the past 15 years, and 
figure 5 illustrates the locations 
of the major spills in barrels (31.5 
gallons per barrel).The most notable 
spill in recent years was the Exxon 
Valdez spill in Prince William 
Sound, Alaska in 1989, which will 
eventually cost on the order of four 
billion dollars for restoration and 
settlements. . 

The Woods Hole Oceanographic 
Institution conducted a dynamic 
economic analysis using optimal 

control theory and computer 
simulation to examine the relative 
cost-effectiveness of providing 
double hulls for tankers, and use of 
electronic charts. The report states 
that, "results indicate that 
electronic charts may be a far more 
cost effective approach to marine 
pollution control". 

Defense Needs 

Economic security is interwoven with 
national security. The Department of 
Defense(DOD) relies on accurate, up 
to date charts. ENC integrated with 
the multi navigational aids of a 
naval vessel are essential in 
providing quick response and maximum 
and safe maneuverability. Table 4 is 
a listing of DOD nautical chart 
priorities for the top 30 ports or 
bays, selected for a variety of 
reasons. These ports are illustrated 
in figure 5. In general, they favor 
the Atlantic Coast plus Los Angeles, 
Long Beach and Pearl Harbor, 
followed by the Gulf of Mexico and 
the West Coast. Selected DOD 
charting needs are fulfilled by 
NOAA, through direct funding by 
DOD. 
A typical process for chart 
selection is illustrated in figure 
6. Step 1 is dominated by the 
priority factors previously 
described. Step 2 provides criteria 
to aid in priority selection of 
specific charts, based on the 
factors noted. Emergency and 
critical needs should receive quick 
response. Typically charts having 
scale factors of 1:< 100,000 are 
more important because they usually 
include the waterways and approaches 
to the ports. The location and 
magnitude of the obstructions and 
age of the last surveys are 
important considerations. 

SUSTAINABLE DEVELOPMENT 

Sustainable development of marine 
shipping operations is an important 
national objective, especially in 
view of increasing population growth 
and expected continued growth in 
foreign commerce. This can be 



m accomplished by striving to ensure 
that future generations will have 
safe, productive ship operations to 
provide for economic growth and jobs 
and, at the same time, minimize 
losses due to accidents, hazardous 
spills, and damage to the marine 
environment and its resources. This 
can be accomplished by increasing 
the economic growth per capita and 
at the. same time decreasing the 
losses per capita. In a general 
sense, this criteria is reasonable 
for pursuing sustainable development 
of marine transport operations. If 
one assumes a modest goal of wanting 
to at least maintain or sustain our 
present posture, then figure 7 can 
represent a snapshot in time where 
the gains and losses are in balance 
today. This implies that while 
seeking economic growth and 
expansion to accommodate the needs 
of increasing population, we should 
not create economic, social and 
environmental losses. A modest 
objective is to maintain development 
in balance with the environment. 

CONCLUSIONS 

This assessment provides some 
economic, social and environmental 
factors to facilitate the process of 
selecting ENC relative to their 
value in supporting safe and 
efficient marine transport 
operations. It provides a port or 
coastal area ranking order based on 
these factors. In economic terms, 
marine transport of foreign commerce 
valued at 562 billion dollars is 
dominant. However, commercial 
fishery landings, and minimizing 
the frequency of ship accidents and 
hazardous spills, are equally 
important in their own right. Since 
economic security and national 
security are interwoven, DOD 
charting needs must remain a high 
priority. 

ENC plays an integral and vital role 
in providing navigation for safe and 
efficient ship operations, and thus 
helps to ensure economic growth and 
sustainable development of marine 
transport operations. 
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TABLE 1     PORT RANKING IN FOREIGN COMMERCE 
(1994 Value in Billions USD) 

Los Angeles. CA $74 Charleston. SC $18 
Long Beach. CA 71 New Orleans. LA 14 
New York/New Jersey 63 Savannah. GA 12 
Sea (He. WA 41 South Louisiana. LA 10 
Houston, TX 29 Portland. OR 10 
Oakland. CA 29 Jnrksonvtilc. FL 10 
Hampton Roads. VA 23 Port Everglades. FL 7 
Tacoma. WA 21 Philadelphia. PA (5 
Baltimore. MD 19 Baton Rouge. LA 5 
Miami. FL 19 Wilminiflon. NC I 

1994 Total for All Ports $562 Billion 

$20-40B 

$I0-20B 

$4-1 OB 
0 

994 U.S. Waterbome 
Foreign Commerce 

(Value at Major Ports) 
Total: $56I.9B 



TABLE 2      PORT RANKING IN COMMERCIAL 
FISHERY LANDINGS 

(1993 Value in Millions USD) 

Dutch Harbor-Unalaska. AK       $ 161 
New Bedford. MA 108 
Kodlak. AK 82 
Empire-Venice. LA 52 
Brownsville-Port Isabel. TX 50 
Portland. ME 49 
Honolulu. HI 49 
Dulac-Chauvin. LA 48 
Cape May-WUdwood. NJ 36 
Point Judilii. Rl 35 
Key West. FL 35 
Petersburg. AK 33 
Gloucester. MA 31 

* 

Cameron. LA S 27 
Ketrhlkan. AK 27 
Kenal. AK 27 
Golden Meadow-Leeville. LA 26 
Bayou LaBatre. AL 24 
Aransas Pass-Rockport. TX 24 
Belllngham. WA 20 
Tampa-St. Petersburg. FL 20 
Astoria. OR 19 
Olvnipin. WA 19 
Galveston.  TX 18 
Poll Arlhiii. TX 18 
Westport. AK 18 

1993 TDtal of all Coastal Ports $1.9 Bill. 

FIGURE 2 
S40-60M 

$2CM0M 

$IO-20M 

1993 Commercial 
Fishery Landings 

(Value at Major Ports) 
U.STotal: $I.9B 



# 

(By U.S. Coa*t Guard District) 
District Port Accidents Death*    Daj 3ia«e($ 

08 New Orlcana 302 20 $23.0 

14 Hawaii 41 0 5.4 

07 Miami 41 0 1.6 

05 Portsmouth.Va. 39 0 1.0 

11 Long Beach 34 0 1.0 

17 Juneau 34 0 2.3 

01 Boston 31 1 1.0 

13 Seattle 13 0 1.5 

TOTAL 535 21 $30.8 

Long Bea 
(Hth) 

/ 30-40 accidents 

13 aeddents 

TotaJ: 535 accidents 
$36.8M damage 

rtsmoutii 
i(5th) 

)^ Miami 
mr (7th) 

s~     FIGURE 3 

i-^n       '•"•'•t%*m®&f Commerdai Vessel 
Damage 

j Hawaii 
(14th) 

Aeddents (1992-1994) 
and Damage Values by 
Coast Guard District 
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FIGURE 7   Sustainable Development of Marine 
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• TABLE  4    U.S. DEPARTMENT OF DEFENSE: 
NAUTICAL CHART PRIORITIES 

{Top 30 Ports/Bays - 1994) 

Norfolk, VA 
BalUmore/Annapolls. MD 
Long Island Sound 
Providence, RI 
Port of New York/New Jersey 
Moorhead City. NC 
Delaware Bay, DE 
Wilmington. NC 
San Diego, CA 
Oahu/Pearl Harbor 

Brunswick, GA 
Corpus Christ!. TX 
Pensacola. FL 
Key West. FL 
Florida Keys. FL 
Tampa. FL 
Charleston. SC 
Savannah. GA 
Panama City. FL 
Cape Canaveral. FL 

Los Angeles/Long Beach 
Oakland. CA 
Port Hlieneme. CA 
San Clemente, CA 
Monterey Bay. CA 
Newport, OR 
Coos Bay. OR 
Humboldt Bay. CA 
San Francisco. CA 
Jacksonville. FL 

i.' 

# 

FIGURE 5a   U.S. Department of 
Defense 

^       Charting Priorities for 
'flv     Ports/Bays (Top 30 

1994) 
D 

• 



FIGURE 6 PRIORITY SELECTION PROCESS 
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