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PREFACE

The Tenth Syinposium on Naval Hydrodynamics, which was held in Cambridge, Massachusetts, on 24-28
June 1974 uuder the joint sponsorship of the Office of Naval Research, the United States Coast Guard, and the
Massachusetts Institute of Technology, continued the traditional pattern which has been established {or this
series of meetings. The two organizations which joined with the Office of Naval Research in sponsoring
this Symposium are deeply and actively engaged in research on hydrodynamic r.:oblems of critical interest
to the naval and maritime community, and several such hydrodynamic problen: areas were selected as the
principal themes of the Symposium.

The United States Coast Guard has in recent years s gnificantly expanded its activity in ship-oriented
hydrodynamic research, and it was a great honor to have its cooperation and assistance in spcnsoring the
Tenth Symposium. The Massachusetts Institute of Technology has a long history of interaction with the
United States Navy in general and with the Office of Naval Research in particular. The lion's share con-
tribution of the Massachusetts Institute of Technology to the organization and management of the Tenth
Symposium adds to the iong list of distinguished and invaluable services which it has rendered.

The two major technical themes of the Tenth Symposium are Hydrodynamics for Safety and Fundamental
Hydrodynamics. The former addresses in some detail critical problems of growing concern in naval and
maritime circles - th~ related problems of collision avoidance and maneuvering in confined waters. The latter
presents results fror. a wide variety of fundamental hydrodynamic research areas which bear rather directly
o7, various ship-oriented problems. .

In such an undertaking as the organization and management of a large meeting, the list of persons
making valuable contributions must necestarily be long indeed. In the case of the Tenth Symposium on Naval
Hydrodynamics, such a list must without question be headed by Professor Philip Mandel of the Massachusetts
institute of Technology Department of Ocear Engineering, who served as chairman of the Symposium. The
success of this meeting is due in large part to Professor Mandel’s careful, dedicated, and detailed attention
to every aspect of the Symposium arrangements. He was capably assisteu by many members of the staff of
the Department of Ocean Engineering, including: Professor J. N. Newman, who played a major role in or-
ganizing the technical program, Professor J. E. Kerwin, who organized and managed the tour of the Massa-
chusetts Institute of Technology which preceded the Woods Hole visit, Professor Martin Abkowitz who made
the arrangements for the reception and banquet, Mr. Keatinge Keays, Administrative Officer, and Ms.
Gwen Johnson, Administrative Assistant, who discharged a wide variety of managerial tasks with great
expertise, and Ms. Jinny Nathans and Ms. Chris Simony who provided invaluable secretarial assistance.
In addition, we are indebtcd to Mrs. Davette Abkowitz, Mrs. Betty Dyer and Mrs. Marge Chryssostomidis
for their assistance in planting and executing the social events which were held in connection with the
Symposium and which proviacd a very welcomed and very enjoyable respite from the long and crowded
technical calendar. It is also a picasure to express our gratitude to the Woods Hole Oceanographic Institute
for the very delightful visit to the Tnstitute and to Mr. Charles Innis of the Woods Hole staff who made the
arrangements for the visit. The Ofi.~e of Naval Research extends its heartfelt appreciation to all of these,
and to the many more who remain urnamed, whose unselfish efforts made the Tenth Symposinm on Naval
Hydrodynamice possible.

Finally, it would be greatly remiss of me not to mention Dr. Albert Wood of the Boston Branch Office
of the Office of Naval Research and Mr. Stanley Doroff of the Fluid Dynamics Program of ONR, who pro-
vided continual support and assistance in tiie planning of the Symposium from its inception.

bl B Crper

RALPH D. COOPER
Fluid Dynamics Program
Office of Naval Research
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INTRODUCTORY REMARKS
Dr. Alfred H. Keil

Dean of Engineering
Massachusetts Institute of Technology

Ladies and Gentlemen, may I call *he meeting to order. It is a great
privilege for me to be asked to chair the firsi session of the Tenth Sympo-
sium on Naval Hvdrodynamics. 1 consider it a personal privilege for two
reasons. 1 have worked for nearly twenty years on ship research for the
Navy, and though I did not do any research in ship hydrodynamics, I must
say I was very closely associated with it. And the second reason is that we
have the honor of accommodating you here at the MIT. [ would like to
call now on our President, Dr, Jerome Wiesner, for his remarks.
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Massachuset’®: Institute of Technology

Thank you, Dean Keil. If the Dean has to protest that he knows noih-
ing about ship hydrodynamics, what do you suppose I should say, although
I should confess that last year 1 designed a 30-foot boat that somebody built
for me. It did float, and it did move through the water, but 1 wouldn’t go
beyond that in bragging about its hydrodynamics,

I take great pleasure in welcoming this, the Tenth Biennial Symposium
on Naval Hydrodynamics, here to MIT. I’'m particularly pleased to b here
bucause | feel a special bond to our sponsors, and particularly to the Office
of Naval Research. Any American scientist who ha:; the privilege of working
under federal sponsorship, whether he knows it or not, owes a great d=al to
the Office of Naval Research. Following Viorld War II, in a vacuum of re-
sedrch interests and support, the Office of Naval Research was set up under
the inspired leadership of some people who had witnessed the contribution
that science could make to naval warfare and naval matters during the war.
They held wartime basic research activities together and established a very
farsichted program wnder the Gilice of Naval Research that set the pattern
which ultimately led to the National Science Foundation. The Office of
Naval Research has continued to be an important sponsor of basic and appli- |
ed resecarch in this country. It has provided an important link between
scientists and engineers in American universities and our armed services, We
have always found that ONR prowvided a degree of understanding present in !
very few other sponsoring agencies, probably because of the direct involve-
ment c¢f so many of the people in ONR in the ongoing activities of the Navy.

me a thrill.

WELCOMING ADDRESS

Dr. Jerome B, Wiesner
President

When I was a working scientist-engineer, involved with military elec-
tronics, particularly radar, I always found it a special pleasure to work with
the Navy, partially because of the severe technical demands that a seaborne
environment placed on equipment, and partially because of the deep under-
standing [ found among the people 1 had to work with. Ualways got a spe-
cial pleasure out of being aboard ship. I used to suspect that I hadn’t grown
up, because all the gadgets and devices I founnd on submarines and ships gave
Later in life, just a few years ago, I discovered in talking to
Buckminster Fuller that the Navy had been his inspiration that led to such
things, he claimed, as the geodesic dome and a variety of other thinge. He
put it very simply that, wlhile most ~f us spend our engineering hours learn.
ing how to do more -vith more, in the shipboine environment you had to
learn how to do more with less. This was the lesson that he had learned as
a young Navy officer aboard a submarine, ard it never left him.
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In any event. we are very pleased to be joint sponsors with the Office
of Naval Research and the Coast Guard, and I would like pa: -icularly to wel-
_ come our cosponsors, RADM M.D. Van Orden, Chief of Naval Research;
to RADM A.H. Siemens, Chief of Research and Development of the United
, States Coast Guard; Dr. C.C Bates, Science Advisor to the Comnmandant of
the United States Coast Guard; and Mr. P. Eisenberg, President of the Soci-
ety of Naval Architects and Marine Engineers of the United States.

This is the tenth of these symposia, and they have alternated between
the United St.tes and a country overseas. I understand that about half of
you are {rom overseas, and I would like particularly to welcgge you to the
MIT campus and hope that you have an opportunity to se?glomething pe-
sides this hall while you are here. If any of you would like to have a tour
of a part of the MIT camnus which isn’t already oifered, see me and I wil’
arrange it for you. We would welcome an opportunity to show you MIT
The school is a smzll university by American, and I suppose even Europer a,
standards. We have a total of 7500 students, about 4200 of whom are what
we call undergraduates, and the remainder are graduate students. We have
a faculty of about 900 professors, an additional research staff of about 1500
people, and a postdoctorate student body of about 600. We have a very
heavy emphasis on applied science in engineering, and a zood deal of basic
research as well. In recent years, as the concern about the socia! conse- |
quences of science and technology has grown &round the world, our politi- ‘
cal science, economics, and other social sciences have grown and have be-
come an important part of our curriculam. Some of you might welcome an
opportunity to see these activites as well. In any event, I welcome you
here; I hope you have a very productive meeting; and, if there is anything
any of us from MIT can do to make your stay in the Boston area more de-
lightful, please let us know. Thank you.
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WELCOMING ADDRESS

Rear Admiral M.D. Van Orden, USN
Chief of Naval Research

I am pleased to welaqggme you to the Tenth Symposium on Naval Hy-
drodynamics. This biennial symposium is sponsored by the Office of Maval
Research to stimulate research in hydrodynamics by providing a forum for
world leaders in this field @ meet and Jiscuss their latest ideas and discov-
eries.

This is one of several international symposia held by ONR that helps to
fulfil) a principal ONR objective, which is to conduct a continual survey of
worldwide findings, trends, potentialities, and achievements in research and
development of interest to the Navy. Another major function of ONR is to
support research at ur'versities and laboratories. And we also provide the
bridge between basic research and practical naval applications.

We are®gratified that we can count as many as nine different countries
in addition to the U.S. who will have representatives presenting papers at
this symposium. I understand we also have visitors from the Soviet Union
and Bulggia, as well as Spain, Finland, and Brazil.

I should stress that ONR considers it important that the information
we gain not be hoarded, but that it be exchanged hetween the U.S. and the
rest of the world. In addition to symposia such as this, another major in-
strument for achieving this is our branch office in London, which has op-
erated as long as ONR has been in existence, that is, since 1946. Scientists
on the staff of our London office visit various research establishments
throughout Europe to learn about the newest ideas and theories that are
evolving there. In return, the U.S. scientists help to distribute to their col-
leagues in those countries copies of technical reports prepared by scientific
investigators in this country supported by ONR as well as by other U.S.
government research agencies. The Navy also conducts data exchange agree-
ments with 16 countries.

In that connection, it seems fitting that this symposium should be ded-
icated to the late Professor Georg N. Weinblum of Germany, who served
for a time as special consultant to the U.S. Navy at its David Taylor Model
Basin, now renamed the Naval Ship Research and Development Center. The
contributions of this creative investigator are perhaps best epitomized by
Captain Harold R. Saunders, a leading naval architect, in his book Hydrody-
namics in Ship Design. Writing about Professor Weinblum in 1957, he said:
“He, in the opinion of many, is blessed with the most amazing combination
of theoretical, analytical, and practical intelligence and ability to be found
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in eny naval architect today. What is still more wonderful, he is able to
give this information to others in their language.”

Captain Saunders was uvndoubtedly referring to the fact that hydro-
dynamics research must draw its material from a variety of scientific disci-
plines. Consequently, hydrodynamicists must be able to discuss their prob-
lems with mathematicians, chemists, marine arcnitects, and oceanographers,
for example, with mutual understanding and respect. The very nature of
hydrodynamics forbids parochialism. It is essential that people in this field
interact effectively with other scientists engaged in basic research, as well as
with design engineers,

For the Navy, progress in hydrodynamics research has become increas-
ingly urgent. Traditionally our goal has been to design new and improved
types of ships that not only make use of advanced technology but also op-
erate eificiently, reliably, and safely. Now we face a new challenge in the
construction of ships to sail on or beneath the unforgiving sea.

The Navy must find ways to discover and correct the problems that a
new design may run into beforve reaching the point of full-scale sea trials.
Congress and the public are more cost-conscious than ever before in regard
to the expenditure of public funas. No longer are excuses accepted for the
failure or sputtering operation of a new, expensive ship because it has en-
countered problems we had not anticipated.

Since the sea is the Navy’s business and we have been involved in it a
long time, we are expected to know it well. Only investigators like your-
selves are aware of how limited is our knowledge of the forces that impact
on a buoyant body propelied through the water. As much as our under-
standing has increased, we know we have much more to learn. This infor-
mation can be obtained only through the arduous bit-by-bit process of basic
research, such as you gentlen.en pursue.

Today our nation is faced with the dilemma that we must make do with
a much smaller navy, but still retain our global responsibility. This means
we must plan types of ships that are radically different in design from any-
thing in the past in order to meet this requirement. At the same time, these
ships must be inexpensive to operate and main:ain in addition to satisfying
our traditional standards.

The results of the research that will be reported at this symposium
should help us move toward that formidable goal, It is clear that all of you
here today are dedicated scientists, so I do no: need to urge you to keep
pressing forward in your search for sclutions to the frustrating problems
in hydrodynamics. I would like to stress, however, that vou maintain strong
lines of communication so that as many people as possible can benefit when
you inevitably succeed in your endeavors.
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WELCOMING ADDRESS

Rear Admiral A H. Sicmeans

Chief of Research and Development
United States Coast Guard

On behalf of the U.S. Coast Guard, I am p'eased to welcome you to
the Tenth Symposiuin on Naval Hydrodynamics. 1 would like to thank
Dr. Wiesner and Admiral Van Orden for the opportunity to co-sponsor this
symposium. J um sure it will be a technically enlightening and a personally
satisfying experience for all participants. I am delighted that a major portion
of this symposium has been devoted to hydrodynamics for safety.

The Coast Guard’s interest in hydrodynamic research is mainly for tech-
nical support of its regulatory responsibility. Our traditional interests have
been in the areas of vessel survivability, such as the development of impact
and damaged stability criteria, the use of seakeeping research to help in es-
tablishing vessel inadline criteria, and structural strength criteria. With re-
cent legislation which the Congress has passed, the Ports and Waterways Act
of 1972, we have received new areas cf responsibility. The Coast Guard
must now establish standards for vessel maneuverability and must also pro-
mulgate as necessary the operational controls to minimize collisions, ram-
ming, ard grounding incidents. Our present research program in hydrody-
namics -onsists of investigations of vessel stability in a seaway, being done
for us at the University of California; the analysis of towing and fishing-
vessel stability criteria, being conducted at Hydronautics Incorporated; vhe
prediction of extreme acceleration of vessels, which is being done at the
Naval Ship Research and Development Center; and investigations of spring-
ing stresses in Great Lakes ore ships, being conducted by Webb Institute of
Naval Architecture. Qur research efforts in 19756 and 1976 will concentrate
on the vessel maneuvering problem, with special emphasis on measuring
maneuvering performance in restricted waters. Stevens Institute of technol-
ogy is already working on some initial tasks of this program. A review of
the papers for this symposium indicated to me that many of the subjects to
be discussed relate directly to the Hydrodynamics Research needs of the
Coast Guard. I encourage all of you to continue these important research
efforts, so that we may continue to improve the safety of maritime trans-
portation. Thank you.
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A TRIBUTE TO GEORG WEINBLUM

J. V. Wehausen and T. Y. -T. Wu

On April 4 of this year we lost Georg Weinblum. It seems especially
appropriate that this symposium be dedicated to his memory, for the com-
plexion of the symposium would have pleased him. He would have liked
the broad spectrum of fopics ranging from “Ship Theory” in its most im-
mediate sense to hydrodynamical problems on its fringes. He would have
been pleased by the diverse origins, both nationally and professionally, of
the contributors. For it was characteristic of Georg Weinblum to see his

favorite subject in a broader context and to know that an advance in a re-

lated field often entails an advance in slip theory itself. He realized that
researchers from other disciplines, with their diffcren! backgrounds and
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; ‘ experience, might provide fruitful insights overlooked by those too close
S to the problems of ship theory, and he welcomed their help. Although he
- himself was single-minded in his pursuit of ship theory, he was always on
‘ the ealert for these possible contributions fror: other fields, and he was

; vt v rneaennFRIRARKLIY AGULA IRLEACOENIZING them,

Georg Weinblum -vas interested not only in the scientific discoveries
that might advance ship theory but also in the persons who made them.
He took a warm personal interest in their lives as well as their work. He
was unstinting in his enccuragement, in seeing to it that their work was
vecognized and in arranging financial support when possibie. He was espe-
cially zealous inh trying to attract young people into the fiell and in seeing
that they had adequate opportunities. Moreover, his support always
included an intelligent and enthusiastic interes* in the progress of their work
and a generous input of ideas.

' His presence at a meeting relating to ships was a guarar'ee of its live-
! liness and interest because of his quick grasp of the significance of the
paperc or of the issues under discussion. At international meetings his
‘ warmth and knowledge of languages were important aids in establishing a
o feeling of amity among all participants. In many respects he was really a k
citizen of the World, belonging to each of us and to no special country. i

Georg Weinblum’s interests were by no means limited to ship theory,
or enginecring and science in general. He was an attentive student of
political, social and educational developments and an acute observer of con-
temporary events. In view of his background, this was perhaps not
surprising. He had lived in several countries and had experienced two of
the catacylsmic events of the 20th century and dislocations associated with
them. Moreover, Georg Weinblum was the produ-t of an educational
system and philosophy that hardly exists nowadays anu that even in his youth
was perhaps not for everyone. However, he seemed to thrive on it. Whereas
L for some the study of the Roman and Greek classics was only a hurdle to
: be passed, for him they were an introduction into the cultures underlying
{' : European civilization. As an adult Lc could still read Latin. His reading
1
t

in literature was wide; in German and Russian, of course, for he was
P educated in these languages, but also in English and French. Apt quotations
b from the great poets, but especially Goethe and Rilke, always seemed to be
. on the tip of his tongue. His interest in music, ballet and graphic arts was
also intense and informed. P

There is much more to be said about Georg Weinblum than can be
touched upon here. On the occasion of his 60th birthday a short biography
was givan by F. Horn in Schiffstechnik, Vol. 4 (1957), pp. 47-48. In more
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recerit years he received honorary doctorates from the Technical Universi-
ties in Berlin and Vienna and the University of Michigan. He nad recently
become a Corresponding Member of the Académie des Sciences of Faris.
His own research has been briefly described in the Journal of Ship Research,
Vol. 16 (1972), pp. 1-2. However, as an aid to those interested in further
study of his work we append a list of published papers that we hLope is
complete.

Georg Weinblum will be sorely missed by those who knew him, but

his spirithas affected all of s who did, and through us, we hope even those
who were not so fortunate as to have known him personally.
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A CATALOGUE OF
PUBLISHED PAPERS BY GEORG P. WEINBLUM

The following list does not include all of Georg Weinblum’s publica-
tions. It does not include discussions of papers by other authors nor the
many notes written on the occasion of some anniversary of a colleague, or
of his death. Neither does it include unpublished manuscripts nor material
appearing only informally as a report. On the other hand, we believe that
all research p: rers have been included, all oxpository articles and most of the
short notes written to bring to the attention of naval architects and others
progress in ship theory. Wherever possible we have tried to check the bib-
liographical data. When this has not been possible, we have relied upon the
accuracy of a list prepared at the Institut fur Schiffbau several years ago.
Papers are listed approximately in chronological ordex.

Reibungsfestigkeit von Nietverbindungen. Schiffbau 30 (1929), 590-593.

Beitrage zur Theorie der Schiffsoberflache. Werft, Reederei, Hafen 10
(1929), 46°-466, 489-493;11 (1930), 12-14.

Anwendungen der Michellschen Widerstandstheorie. Jahrb. Schiffbautech.
Ges. 31 (1930). 39-436; disc. 436-440.

Schiffe geringsten Widerstandes. Proc. 3rd Intemat. Congr. Appl. Mech.,
Stockholm, 1930, pp. 449-458.

Beitrag zur Systematik der Schiffslinien. Werft, Reederei, Hafen 11
(1930), 469-473.

Uber die Berechnung des wellenbildenden Widerstandes von Schiffen,
insbesondere die Hognersche Formel. Z. angew. Math. Mech. 10
(1930), 453-466.

Schiffe geringsten Widerstandes. Schiffbau 31 (1930), 579-582.

Die Bewegungsgleichungen des Schiffes im Seegang. Schiffbau 32 (1931),
488-495, 509-511, 525-529.

Schiffsform und Wellenwiderstand. Jahrb. Schiffbautech. Ges. 33
(1832), 419-451; disc. 456-460.

Die Thecrie des Wellenwiderstandes und ihre praktischen Anwendungen.
VDI 76 (1932), 127-131.

Der Luftwiderstand von Schiffen mit verschieden geformten und verteil-
ten Aufbauten. VDI ‘76 (1932), 621-622.

Beitrag zur Ausbildung von Schiffsformen. VDI 76 (1932), 1149-1154.

Hohle oder gerade Wasserlinien? Hydromechanische Probleme des
Schiffsantriebs, Hamburg, 1932, pp. 115-131, 417-419,

xix

i e oo

i

tuadin

ST IPE >N




Hohle oder gerade Wasserlinien (Spantflachenkurven)? Werft, Reederei,
Hafen 13 (1932), 222-225.

Die Konferenz uber hydromechanische Probleme des Schiffsantriebs in
Hamburg. Schiffbau_33 (1932), 168-1.70, 210-211.

Uber den Einfluss der Schiffsform auf die Bewegungen eines Schiffes im
Seegang. Werft, Reederei, Hafen 14 (1933), 269-275, 289-292.

Auslandische Forschung auf dem Gebiet des Schiffbaus und ihre Auswer-
tung fur deutsche Verhaltnisse. VDI 77 (1933), 1065-1069.

Die analytische Ausbildung von Schnelldampferformen. Z. angew. Math.
Mech. 13 (1933), 441.

Quelques observations au sujet du tracé des plans des furmes de navires.
Bull. Tech. du Bureau Veritas_15_(1933), 232-234.

Theoretische Untersuchungen der Str5mungsbeeinﬂu§sung zweier Schiffe
auf einander beim gegenseitigen Begegnen und Uberholen auf tiefem
und beschranktem Wasser. Schiffbau_34 (1933), 113-117.

Einige Bemerkungen uber den Entwurf von Schiffsformen. Schiffbau_34
(1933), 242-245.

Die Verlangerung der Schiingerperiode eines Frachtschiffes infoige der
mitschwingenden Wassermasse. (With W. Bock) Schiffbau 34 (1933),
285-286.

Untersuchungen uber den Wellenwiderstand volliger Schiffsformen. Jahrb.
Schiffbautechn. Ges. _35 (1934), 164-192.

Formelzeichen der Stabilitats—und Schwingungslehre. (With F. Homn)
Schiffbau 35 (1934}, 7 8.

Einfluss der endlichen Querschnittsabmessungen einer Schlepprinne auf
den Modellwiderstand. Schiffbauv 35 (1934), 83-85.

Exakte Wasserlinien und Spantflachenkurven. Schiffbau 35 (1934),
120-121, 135-142.

Uber einige Ansatze zur Ausbildung ven Stabilitatsnormen. Werft, Reed-
erei, Hafen 15 (1934), 201-202.

Schwingungen von Schiften im Seegang. VDI _78 (1934), 1373-1379.

Les mouvements de navires sur mer houleuse. Bull. Tech. du Bureau
Veritas_17 (1935), 84-86.

Die analytische Ausbildung von Schiffsformen. Z. angew. Math, Mech._ 15
(1935), 205-219.

Widerstandsuntersuchungen an Schiffen. Z. angew. Math. Mech. 15
(1935), 382-384.

Uber einige neuer: Arbeiten auf dem Gebiete des Wellenwiderstandes von
Schiffen. Schiffbau 36 (1935), 200-202.

Widerstandsuntersuchungen an scharfen Schiffsformen. Schiffbau 36
(1935), 3556-369, 408-413.

Die Theorie der Wulstschiffe. Schiffbau_37 (1936), 55-65.
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Stereophotogrammetrische Wellenaufnahmen. (With W. Block) Jahrb.
Schiffbautech. Ges. 37 (1936), 214-250; disc. £59-276. Translated
as: Sterecphotogrammetric Wave Photographs, David Taylor Model
Basin Translation 204 (1949), i + 76 pp.

Beitra zur Ausbildung volligerer Schiffsformen. Schiffbau 37 (1936),

285-289.
Theorie der aktiven Schlingertanks. Z. angew. Math Mech. 16 (1936),
375-37¢€.

Stabilisierung mit aktiven Tanks. Schiffahrtstechnische Forschungshefte,
reft 7, 6-8. Schiffbautechnische Gesellschaft, Borlin, 1336.

Rotationskorper geringsten Wellenwiderstandes. Ing.—Arch._7 (1936),
104-117.

Versuche uber den Wellenwiderstand g« auchter Rotationskorper. (With
H. Amtsberg, W. Bock) Schiffbau_37 (1936), 411-419. Translated
as: Tests on Wave Resistance of Immersed Bodies of Revolution,
David Taylor Model Basin Translation 234 (1950), + 22 pp.

Beitrag zur Theorie der Kursstabilitat und der Steverfahrt. Schiffbau_38
(1937), 51-569.

Seegang und Schiffe. Deutsche Technik_v (1937), 174-176.

Uberblick uber die Wellenmes-ungen auf dem M.S., “San Francisco”.

Jahrb. 1936 d. Lilienthal-Ges. f. Luftfahrtforschvng, 248-254 (1937).

Abmessungen der Meereswellen. Forschungen und Fortschritte 13
(19.7), 224.

S. >gangsforschung und Schiffbau. Umschau 41 (1937), 873-877.

Vvollenwiderstand von Korpern. Umschau 42 (1938), 34-36.

Rechnerische Entwicklung von Schiffsformen. Schiffbau 39 (1938),
129-133, 151-165, 170-173.

Wellenwiderstond auf beschrankten. Wasser. Jahrb. Schiffbautech. Ges.
39 (1938), £ 5¢ 289, disc. 289-491.

Seegangsforschung. Naturwiss. 26 (1938), 193-198.

Zur Theorie dcs aktiven Schiingertanks. Z. angew. Math. Meck 18
(1938), 122-1 2%

Fortschritte avf dein Gebhiete der Berecnnung de:: Wellenwiderstandes.
Schiffbau_33 {1938), 43-45.

Uber die Kursstabilivas vor & hiffen. (Wivh H. Kunzel) Schiffbau 39
(1938), 181-184.
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ABSTRACT

Forced oscillation experiments have been carried out with a systematic ship model family of
which the length-beam ratio was ranging from 4 to 20. The experiments also included a thin plate %o
simulate the case of en infinite length-beam ratio. Vertical and horizontal harmonic motions in calm
water have been considered and the corresponding hydrodynamic :oefficients have been determined.
Moreover the vertical motions und added resistance in waves have been measured. The results are
presented in grafical form und ure compared with some existing calculation metheds. -

HOMENCLAT JRE

AL,B,0,D,E,G } bydrodynsmic coefficients of the

a,b,c,d,e,g equations of pitch nnd heave
respectively

B ship's beam

Ch block coefficient

Cp prismatic coefficient

Cs hori.ontal sectional added sass coefficient

c wave celerity

¥ total vertical wave force

k! sectional hydromechanic force

e Froude number

gn acceleration owing to gravity

Ty vertical longitudinal moment of inertia

I, dimensionless horizontal moment of inertia

Kt coefficient of accession ti,Wlment of

inertis
K empirical coefficient in the low ¢ pect

ratio lift formula

Kyn coefficients of accession (long., lat.;
k '" wave number
k vertical longitudinal radius of inertia
Yoo ship
kZ7 horizontal longitudinal radius of inertia
" of ship
L ship's .1engt~ <
M total vertical Wave moment; mass of ship
L dimensionless mass of ship
m' vertical sectiongl added mass
N' vértical scection®l damping coefficient
NILH' NILN! hydrodynamic coefficients of the
LAMEA S A :
SR URTRE equations of yaw and sway
i * 1]
viv''r’'r respectively
r' dimensionless yaw velocity
r dimensionl ess yaw acceleration
T ship's draught
™ effoctive draught
To period of encounter
v forward velocity of ship
v, vertical relative velocity with respect
to the water
v! dimension 088 ...y eloeily
v' dimensionioss sway scceleration
K& dimensionless longitudieel added mass
.

x! dimensionless length coordinate in a right
hand body fixed coordinate system with
centre of gratity in the origin and the
starboard side positive

LS AN righthand coordinate syst‘ fi)_(ed to

rhip with the origin situated in the
ship's waterline and the portside

vositive
x' dimensiorless centrg connected W 1 the. --
P! firat moment of viscows ford di: ‘utqong .
x'  dimersionless oéntuflconnected wigh the °

P?  second adffffmt of viscous force distributigm
point of applitationﬁof total yaw force
point of application’ of sotal sway for‘
dinensionless hydrgfynamic lateral force
dimensionless motion amplitude

Laif width of waterline $g=0)
heavet-displacement "~ .
phase apgle o W )
wave length :

volume of ship's dj@lacement

circular wave fre%}:y

dimensionless PMM frequency

We circular frequency of encounter

20~ -4ﬁﬂﬁ

€EE I>mMm N <

p density of water

2 dimensionless stability sroo*
oé dimensionless stability root
0 pitch angle

4 instantaneous wuve elevation

Subscripts : g

a ams'a\:de of denoted parameter

Fr wa rce vith respect to wave elevation
Mg  wave moment with respeet to wave elevation

Superscripts

' sectional valur3 or dimensionless values
according to SNAME-nomenclatupe
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1. INTKODUCTION

The calculation of the vertical hydro-
dynamic forces and moments acting on a ship in
seawaves, according to the strip theory, has
proved to be & valuable tool. This is also true
to a limited extent for horizontal motions, but
the experimental verification for low fregquency
motions, which are of interest for manosuvring
and stzering problems, is rather scarce.

The detailed comparisons of calculation and
experiment for pitch and heave are for the
greater part restricted to more or less average
hull dimensions, for instance a length-beam
ratio of approximately 6 to 8 and block
coefficients arour.’ .70. Although predictions
of vertical motions of extreme ship forms have
been quite succesful, it has not been known to
what extent the strip theory is valid when more
extreme hull dimensiors are considered.
Intuitively one may imagine, that the thinner
the snip form, the more the applicailon of the
strip method is justified.

For manceuvring and steering purposes the
hydrodynamic coefficients of the equations of
motion depend to a larger extent on viscous
effects introducing 1ift phenomena,when compared
with vertical motions of a ship in waves.
Existing methods to approximate these hydro-
dynamic forces have a more empirical character.
Apart from the length-draught ratio in both
cases the length-beam ratio may be regarded as
& useful parameter in & comparison of theory
and experiment.

The main objective of this paper is to provide
extensive exp2rimental data respecting the
influeace of the length-beam ratio of a
systemr+ic ship model family on the hydro-
dynamic forces on the hull for vertical
oscillatory motions in the wave trequency range,
as well as for low frequency horizontal motions
of interest for steering and manoeuvring.

The experiments cover a large range of length-
beam ratio's which includes a very thick ship-
form (L/B=lW) and a very thin ship with L/B=20.
In addition a thin plate has been tested in
horizontal motion to simulate an infinitely
large length-beam ratio. All of the models have
been derived from the standard Sixty Series
hull form with L/B=T and Cp= .70 1], by
multiplying the width by constant factors, to
arrive at L/B=L, 5.5, 7, 10 and 20. All modeis
have been made from glass reinforced polyester
and have a length of 10 fret. For main
particulars see table 1.

2. EXPERIMENTAL PROGRAM AND RESULTS

With a vertical Planar Motion Mechanism
(PMM) the hydrodynamic coefficients of the
heave and pitch equations according to
equations (1) of appendix 1 have been measured
for Froude numbers F_=.20 and F_=.30.

The latter speed is high for el1 models and
large wave making has been observed during tne
experiments.

Excelleni linearity has been found for the
considered heave amplitudes which go to 1% of
the model length and pitch amplitudes up to

3.5 degrees.

For the wave tests wave heights of 2.5 % of the
model length have been considered.

The linearity has been proved to be good with
L/B=l,

Tiie non-dimensional mass and damping coefficients
as well as the mass and damping cross coupling
coefficients are given in figures 1 to 8 in non-
dimensional form as a function of the Froude
number, the frequency of oscillation and the
length-betm ratio.

Figures 9 and 10 give the dimensionless m~!ion
amplitudes of heave and pitch and figure

gives the a ‘ed resistance in regular he . waves.
The motions and the added resistance in waves
could not be measured for the L/B=20 model
owing to experimental difficulties.

The hydrodynamic coefficients for yaw and sway
according to equations (13) of appendix 3 have
been measured for three velocities : F =.15,

.20 and .30.

A large amplitude PMM has been used; the model
frequency range has been between w=.2{.1) 1.0.
Strutamplitudes for both modes of motion were
respectively 5, 10, 15, 20 and 25 cm, the
horizontal distance between the struts being

1 m. A relatively small wave making was observed
for the lowest of the three velocities
considered, and therefore the experimental
results for F,=.,15 have been used for

comparing with some celculation methods.

Figure 12, 13 and 14 show the coefficients,
derived from the force and moment measurements
as a function of L/B-ratio for the three
considered forward speeds. Table 2 gives the
numerical values of the various hydrodynamic
coefficients.

In figure 15 and 16 the results of the swaying
force and swaying moment are presented as =&
function of speed, frequency, L/B-ratio and
amplitude.

3, DISCUSKTION OF THE RESULTS

3.1. Vertical Motions

First of all the heaving and pitching
motions have been calculated with as a basis
a Pormulation of the strip theory as given in
appendix 1 and |2} . This formulation has been
derived using earlier work by Shintani [3] ,
s8ding (4] ,Semenof-Tjan-Tsansky et al 7,
tagai [67] and affords the same results as given
by Salvesen et al [7] . Afterwards the method
has been used, which has been formulated
principally by Korvin-Kroukoysky and Jacobs [8]
and modified by the authors [9 .
The results of both methods have been compared
with the experimental results.

The added resistance in waves owing to the
pitching and heaving motions has been calculated
by the method described in appendix 2. The added
resistance is determined by cslculating the
work done by the radiated damping waves, which
result Trom the vertical motions of the ship
relative to the water. In [103 this method has
been confirmed by experimental results derived
from model tests with a fast cargo ship hull
form, Further experience included blunt tanker
forms, although in some of these cases the
agreement has been somewhat less satisfactory
at high frequency of encounter,
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In the figures 1 to 11 the experimental values
are compared with corresponding calculaticas
according to the modified Korvin-Kroukovsky
formulation [9] and according to equations (6)
and (7). For convenience we will call these the
0ld and the new method respectively,

With regard to the coefficients of the
equations of motion for heave and pitch the two
calculation methods give almost identical
results, except for the pitch damping coefficient
at low frequencies and for the added mass cross
coupling coefficient D for pitch. .
The differences between the measured added mass
and the calculated salue are small,even for the
very low L/B ratic's. Vor the added moment of
inertia the correlation is still satisfactory,
with only few differences for the highest speed
and the lowest L/B ratio.

The heave damping coefficienc is reasonably
predicted except for high frequencies where
viscous effects, for instance separation of
flow, may be important.

Both the new and the old method predict the
pitch dawping rather poorly, particularly at
low frequencies. The experimental data do not
show a clear preference for one of the two
methods. For practical purposes the over-
estimation of the pitch damping at low
frequencies, according to the new method is not
too important in the motion prediction.
Considering the absolute magnitude of the
damping cross coupling terms the coefficients

e and E are very well predicted by both theories
for the two considered forward speeds, as well
as for all length-beam ratio's.

Also the added mass cross coupling coefficient
d for heave is reasonably well predicted by
both methods, but in the case of the mass cross
coupling coefficient N tor piteh the experimental
points tor low frequencies lie between the two
predicted curves. For low frequencies the
experimental values favour the prediction
according to the new method.

Heave amplitudes in waves are somewhat over-
estimated by the new method. Earlier

experience with both methods has shown us a
slight preference for the modified Korvin-
Kroukovsky and Jacobs method although a

desired symmetry in the mass cross coupling
coefficients is not fulfilled in their
presentation, Moreover added resistance is
overestimated by the new method and in this
respect it should be remembered that added
resistance varies as the squared motion
amplitudes.

For Fn=.20 the predicted added resistance
agrees very well with the measured values, with
only minor differences at high frequencies. Even
for the very low length-beam ratio's the
agreeméht is satisfactory, considering the more
or less extreme hull form and the relatively
high forward speed in those cases, For Fpn=,30
the correlation between theory and experiment
is less. However for all length-beam ratio's,
except for L/B=7 this speed is very high,
with corresponding high ship waves.

Especially for L/B=lk the added resistance at
high frequencies is under estimated by the
theory.

R

3.2, Horvizontal Motions

The coefficients have been determined in a
standard graphical way from the in phase and
quadrature components of forces and moments
measured with the PMM. The accuracy of the
coefficients which are displayed in fig. 12, 13
and 14, is probably not high since the relevant
forces and moments are small in magnitude. The
coefficients indicate a trend in the results and
dc not pretend to be highly accurate.
In table 2 the numerical values of the
coefficients are summarized using the dynamic
modes of motions. The figures 12, 13 and 1k
clearly show the effect of beam, which is not
very pronounced for a low Froude number. As
could be expected the forward speed affects
the results to a certain extent : the thicker the
model the more the model generated wave system
plays a decisive role in the creation of the
resulting hydrodynamic forces and moments. Hu[1ﬂ
predicted the effect of speed upon the hydro-
dynamic coefficients, applying sources and
doublets in the ship's centerplane and wake and
taking into account the boundary conditions on
the surface. Comparing the trend of the
experimental results and the predicted values
with regard to the forward velocity according to
Hu, it can be said, that his prediction gives
a more pronounced effect of speed.
It is interesting to note, that Van Leeuwen's
results of his PMM tests [12] with an 8 feet
model of the L/B=7 are practically the same as
the results presented in this paper, taking a
reasonable margin of accuracy into account. In
figures 12, 13 and 14 some evidence is produced,
that the values of the static and dynamic sway
coefficients are approaching each other closely.
The condition for straight line stability (this
word is used rather than controls fixed
stability, since no rudder, propeller nor other
hull appendices have been fitted) yields :

x!
—_—< 1

k3
<

1
r
When x| and x} both are positive this condition
postulates, that the point of application of the
total yaw force is located before the point of
application of the sway force. In figure 12, 13
and 14 it may be observed, th.: for a L/B-ratio
exceeding 8 this condition is fulfilled. Since at
a L/B-ratio of approximately 20 Y. equals the
mass M',x\ will change sign and becomes extremely
negative. In this case the aforementioned
criterion is still satisfied, since it is

obvious that x remains positive. In table 2 the.
stability roots are calculated; the smaller roots
are positive for the smaller L/B.ratio's and they
are becoming negative for the larger L/B-ratio's.
Noteworthy is the difference between the two
last columns indicating, that the actually used
plate for the experiments has a stable behaviour,
but that an imaginary massless plate has an
oscillatory stsble behaviour. This fact is also
found in stability analysis of ships which have
large fins or deep keels, like sailing yachts and
is caused by the small inertia forces relative

to the lift forces [13] .
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Jacobs [1h,15] published a brief account of a
simple theory for the calculation of the linear
coefficients of the horizontal motion based
upon simple hydrodynamic concepts. Apart from
an ideal fluid treatment of a wing shaped body
in an unbounded flow, resulting in hydrodynamic
added masses end added moments of inertia with
cross coupling coefficients, a viscous part is
included representing the generation of a 1lift.
Therefore, as an example the Jones' low aspect
ratio 1ift formula has been applied. Lift
generation depends upon the flow conditions
near the trailing edge. As these conditions
vary, it seems appropriate to introduce an
empirical constant K to take these variations
into account, as was cuggested by Inoue [16].
This K-constant turns out to be nearly .75 as
an average. In appendix 3 a brief account is
given of Jacobs' method, which has been chosen
for a comparison with the measured results.

The total lift, as a result of an inertia
distribution and a viscous distribution along
the ship length is generated for the greater
part in the forebody, which means that the
viscous part counter-balances nearly the
inertia part ia the afterbody E15,1TJ . The
centre of the viscous force distribution
therefore lies well aft of the centre of
gravity (x4 41)The second moment of the viscous
force distribution is characterized by xéz and
obviously this quantity is negative.

From the measurements of the relevant
quantities the values of K, x!, and x'2 are
calculated and they are displayed in E1gure 17.
They coincide remarkably well with empirical
values presented by Inoue and Albring [18 ].
The coefficient Y} can also be used to check
the validity of the empirical constants Kq,x}. .
In figure 12 it may be seen, that there is a
satisfactory agreement for the lower Froude
number., Apart from considerations regarding the
damping coefficients it is obvious, that the
added mass, added moment of inertia and the
mass cross coupling coefficients are accurately
predicted by the simple stripwise integration
of sextional values of added mess depending on
local fullness and local B/T-values. So called
three dimensional corrections have been applied
as indicated by Jacobs and others. In order to
compare the measured results with other methods
available in literature, it has been decided to
use the results of Inoue which are principally
based upon Bollay's low aspect ratio theory and
a number of empirical allowances. Appendix 3
gives a brief account of the used formulae
according to Inoue. As can be seen in figure 12
the calculation agrees with the measured results
with the exception of Y}. Norrbin 19] analysed
statistical material and derived regression
formulae on the basis of the so called "bis"
system of reference. In appendix 3 these
regression formulae are "translated" into the
nomenclature adopted in this paper. Inspecting
the formulae a small effect of the L/B-ratio
can be demonstrated, while generally speaking
the calculated results, using these regression
formulae are in close agreement in the normal
range of L/B-ratio's, as shown in figure 12,
Since 1lift generation is of primary importance
in manceuvring problems and since experimental
material about this subject is not extensively
published in literature, it has been decided

to give the transverse force and moment in the
sway motion for two speeds : Fp=.15 and Fp=.30,
as a function of reduced frequency and
amplitude in figures 15 and 16.

In a very restricted range full linearity in
frequency and amplitude exists., For the higher
frequeacies linearity is lost to some extent
especially in the transverse force and to a
smaller extent in the moment. A number of
effects are obscuring thke results, for instance
nonlinearity owing to the cross flow. Also
frequency~ and amplitude effects are interferring
when one tries to interpret the experimental
results,
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5. APPENDIX 1

The equaticns of motion of heave and pitch

The equations of motion of heave and pitch and
their solution are given by :

(pV+a)Z+bi+cs-db-cb-ga)=F (heave)
(Iyy+A )6+Bb+CO-DE-E3-GzaM  (pitch) P (1)

z=zacos(met+zzz) , eseacos(wet+682

The verious coefficients a-g and A-G are

derived from :
pV2=[ F’dxb
L (2)
P .
Iyye [ F xbdxb
L
where F' is the hydromechanical force acting
on a cross-section of the ship.
It can be found that :
3 dy /s .
1= - Y EARTECAYE I
F'=-2pgy, (2~x, 0)=(z-Vg=) (3-x, B4V6-C )(m 5')(3)

. . x . :
The effective .mwve elevation f 1is defzned as :

c*=te-kT“ , where
o K,
* 1 k
m =...E1n(1-y— [ywe d.zb) (%)
¥

This expression follows from the integration of
the vertical component of the undisturbed
incident wave pressure on a cross gection
contour. The time derivatives of [~ are used in
the calculation of the damping and added mass
correction to the "Froude-Kriloff" wave force
and moment.

Because harmonic motions only are considered,
equation (3) can be written as :

Ft=-2pgy, (z-x 6~t")-m' (Z-x B+2v8-T")+

am', . . . 4 W M
WVEE (2mx 04VO-LN' (2-x B+2Ve- Lr¥)4
dxb xb xb we

+v— (4o 0= X2 24 (5)
dax, T m; Ye

Combining equations {2) and (5) one finds :

a= l m'dxb+ [:% ( %%i dxé}
b= I (N'-v %t)dxb
c=2§g I ¥ ax,

L
a= J m'xb Q-—JN'd.x_b— —-J iy ax, +
Ry

- rax -y | Qa! :
iNxbdbeVImdxbvidxbxbdx.bt

L
Ve [ ane ]
%
i
g=20g [ VRS
L

(6a)
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B= I Nl -2V I m'x, d, -V I[%mx-; ax, +
i

» L
V' J an'
- —_— — d
' 2} 3,
v el

oees [ v,

L
D= m'x dx + A an’
£ % “i { ax 3%
= | Wy [,
L L
G=2pg [ ¥ Xpdx, (6b)
L

= + =] + t H
If P Fa cos(met CFC) and M Ma cos(met EMC) hen

¥ *
8 cos _ ~kT cos
T_ sin Fc_ng I Yt sin kthdxb+
L
[0) —kT s1 Ty
F0 [ (ETN dxb) cogkxbdkb+
. e

2 . v an' |, -k7%
< [ e |3 B,
e
(7a)

M
—kT cos
—_ =2 (
Ca sineM; P8 Y 5pe slnkxbdxb +

J
L
kT™sin
+wl . |____ =
- [(m N V )xb coskxbdxb *
e
L
kT cos

2 (, ,. | v an
+w I(m * ww dxb )xbe sin bdxb
e

(7v)

For ships where N' and m' are zero at the stem
and stern the expressions (6) and (7) can be
simplified, but this has not been carried
through in the corresponding computerprogram.
When the terms between the brackets are

left out from equations (6) and (7) and when
@_ =1 in the coefficients of N' in (T) the

e resulting equations of motion are equal to
those derived by the modified Korvin-Kroukovsky
and Jacobs' results [9] .

-
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APPENDIX 2

The Added Resistance in Waves

The added resistance of & ship in waves is
a result of the radiated damping waves created
by the motions of the ship relative to the water,
Juosen [20] showed that for the mean added
resistance can be written :

3

RAW o (bz +B0 ) (8)
This expression was derived by expanding Maruo's
expression [21] into an asymptotic series with
respect to a slenderness parameter and taking
into account only first order terms. His
simplified treatment results in an added
resistance which is independent of the forward
speed, This latter fact is roughly confirmed
by experimeats t10]
Equation (8) is equivalent to Havelock's
equation c22] . Although not consistent with the
theory, the frequency of encounter is used by
Joosen in (8) when a ship with forward speed is
considered. In equation (8) uncoupled motions
are considered., In the present work the following
procedure is adopted for the calculation of the
radiated damping energy P of the oscillating ship
during one p%riod of encounter :

p= [ Ib'vi dtax, (9)

L o

]
where b'=N'—VEE— , the sectional damping

coefficient for ship at speed and :

sti-xbé+ve—5* , the vertical relative

watervelocity at & cross section of the ship.
As ¥_ is a harmonic function with amplitude V
and a frequencr equal to the frequency of
encounter w_ we find :

=L ] 2

pP= & Ibvzad.xb (10)
€1

Following the reasoning given by Maruo in [21]

the work being done by the towing force RAw is

given by :

2a

=nAw(v+c)Te=RAw.x (11)

From (10) and (11) it follows that :

_k -
R~ 2 l LB (12)
This expression is almost equal to (8) when the
wave elevation { is small compared with the
vertical motions of the ship in addition to a

very low forward speed and fore and aft symmetry,

APPENDIX 3

The Equations of Motion of Yaw and Sway
Principally the following account is based

upon work by Jacobs [1&,15

The equationsof motion for the bare hull

condition are given by :
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M'(%'+r')-yéo'+y;v'+Y%i'+Y;r' (sway)( )
13

[ - } [Fal Tyt [EX Tyt
1 F =qu NIV HNLE Nr (yaw)

The hydrodynamic coefficients in (13) can be
calculated by assuming & division between sn
inertia force distribution and a viscous force
distribution along the saip's hull. The
distribution of the hydrodynamic inertia forces
can be found by well-known methods in hydro-
dynamics of which brief accounts can be found,
among others in [19, 23 |. Confining ourselves
to horizontal motions at a constant forward
velocity in an ideal fluid the following
expressions for the right-hand sides of (13)
are derived :

1 1R3! Tyt Tyt
Yid=Y‘.I{' fxﬁr +Y1.'f' (1)4)
[ Y VX Yty (Ftapt
N =Nif +(Y‘.’ Xﬁ)v +Yl._(v 4rt)
The coefficients appearing in (14) are calculated
by the following expressions, assuming that the

strip method is applicable together with Lamb's
correction coefficients of accegsion :

1K2T2 3
Yi= - [ Csdx'

v LZ .
nx2T2 3
Ni= - — I ¢ x'ax'
v
1
o (15)
nK!T : K
Y= - g c_x'ax'= £ Ny
L s v
2 3 * 4
ng= - LK g'c x'2dx? *
T L2
Xi= K.M' \
a 1

From (14) it is obvious, that for the damping
coefficients the feollowing expressions exist in
an inviscid fluiad :
' =
Yv id 0
Y! id'—'X"’
r (16)

' =YI X!
N 1a™H %S

t =Yt

N id Yi
A ship-shaped low aspect ratio wing in & real
fluid develops a circulation around vhe
profile generating a lift owing to the
viscosity,., This 1ift can be approximated for
moderate speeds by the corrected Jones' low
aspect ratio formula, taking into account the
action of the water surface by doubling tke
draught, This formula can also be considered
as the integral of the viscous force
distribution along the hull. The first and
second moments of this distribution yields
the remaining damping derivatives

o, 2T
TY viscE ~KN -f

=3

v

2
-x£)12'nLT—' (17)

=Yt =
v visc ~ r visc L2
2
' = x'? "_____Iﬂ'
Nr visc xpe 2 L2

Numerical values of the empirical constants Kq»
x'wand x!_ are displayed in figure 17.
cBubininB“equations (15,17) the total damping
coefficients can be listed as foliows, &ssuming
that mutual interference between inertia and
viscous forces can be neglected :

2
Y= -2kt
v 1.4
T2
N!'=Y}-X!~x! 2Kn=,
v v u Tpl L2
(18)
T2
Y!'=X2ex! 2KM-
r u p! 2
L
2
Nt= -x'2 2K££
r p2 L2

For the purpose of comparing the recults of the
experimental coefficients with some existing
formulae concerning demping coefficients, the
following expressions are appropriate for the
even keel condition, following Inoue {16 |:

2
Yi= _2Kn22
v L
2
N'= -2 Ié
L (19)
2

0wt T
Y;,-ZK‘JTLQ( 367+, hzﬂ)

2
N1=-1.08 ?12
L

Norrbin [19] published data respecting the
damping derivatives. His results are given

in the form of regression formulae in his

non dimensional so called'bis' system. In the
nomenclature adopted in this paper the
expressions are given preceded by the
corresponding formulae in the 'bis'® system.

2 2
"o oLy . y'=_1.69nL -0.08 B CpT
YW -1.69 ~0.0h 3 Yy 1.69m o 0.08 T B

29
2 C,T
L r LT S N'= il BB
Ny ==1.28 ¢ 5= +0.02; Ni=-1.28 % s +0.0bp ~p-
2 o c.T
w - n LT cyt= T I B ——B
Yur 1.29 Ty -0.183 Yr 1.29 5 L2 0.36 T T
2 Cc,T
W oee188 T 1000 Nrent 88 & Ta0.15 B B
Nur -1.88 TV +0.09 ; Nr -1.88 T L2+0.18 T T
(20)
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; TABLE 1 |
' L/B=k.0 L/B=5,5 L/B=T,0 L/B=10,0 L/B=20,0 L/B= % ;
Lop m 3,048 -3.048 3.048 3.048 3.048 3.048 i
: LWL m 3.099 3.099 3.099 3.099 3,099 3.099 }
B m <7620 5542 B35h .3048 1524 006 :
T m 1Th2 <1742 J1Th2 ATh2 1Th2 T2 ‘
| v w3 2832 .2060 .1618 L1133 .0566 .0032 ]
: A, n?  1.8267 1.3342 1.0435 .7331 .3652 -
! . I ot 973 ST .5566 3909 . 1947 - j
c Cq .70 .70 .70 .70 TV -
Lo Cp .71 W71 R4 . T -
- ICB before Ly, ), .01k .01k .01h .01k .014 - P
o LCF before Ly, ), =-.063 -.063 -.083 -.063 -.063 - ;
T -
. ‘ k /lpp , .25 .25 .25 .25 .25 5
‘ M kgf sec/m  28.859 20.988 16,491 11,544 5.772 : ;
B . .275 3
b 4 k. /Lop 267 .268 .230 .229 229 ;
4
f‘ ‘- TABLE 2 4
E 3
v F =15 ‘
- n N i
P L/B L 5.5 7 10 20 ~ ~ 3§
{ M) 1978 1433 1122 779 379 521 0 '
i 4 142 103 59 1 20 39 0 Q
T -1800  =1700 -1600 -1450 -1400 -1500 -1500 ﬁ
o X! - 610 - 67C - 730 -780 - 700 - 500 - 500 1
‘ w8100 -3198  -2703 -2352 -1899 -1559 -1601 -1080 3
Yo - 120 - 50 - Lo 0 0 + 20 + 20 i
- M -1858  -12i3 - 872 - 479 0 0 + 521 3
k| - 265 - 295 - 290 -~ 280 - 240 ~ 260 - 260 3
L 1} - 110 - 90 - 60 0 0 0 0 4
b Ni-I?. - 190 - 165 - 125 - 105 - 88 - 95 - 56 5
;
ol .538 .304 .200 -.048 -.901 -.935 Re=-2.930 {
o, -2,051 -2,L468 ~2,955 -3.382 -2.724  -2.739 Im=+1.471 } '
!
?
Table 2 t0 be continued '
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L
-1850
- 650
~3198
- 180
-1748
- 270
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.548
=1.929

N
-2450
- 700
-3078
- 160
-1878
- 330
- 180
- 200

387

Fn'.20

5.5
~1760
- T20
-2543
- T0
-1283
- 300
- 60
- 1€5

.369
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Fn'.30

5.5
-2300
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- 100
-1303
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- 60 0
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T 10
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- Loo - 3ko
~ 100 0
- 120 - 115
.090 ~.05h
-3.879 ~3.706
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~1400
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-1,06L
-2.180

20
~1450
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-+955
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-2,002
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method for predicting heaving and pitching motions in
regular head seas and the Jacobs method for estimating

the linear hydrodynamic coefficients of the horizontal
motions atill hold up so well at Froude numbers no greater
than 0.20. At such speeds, of course, the effects of wave-
making can be neglected. (The experimental values in Fig.
13 for F,, » 0.20 are almost identical with those of Fig. 12
for F;, = 0.15 and therefore agreement between caleulation
and experiment should be as good.)

In your introduction, you state that, in the case of
horizontal motions, “apart from the length-draft ratio.....
the length-beam ratio may be regarded as a useful param-
eter in a comparison of theory and experiment.” The
length-beam ratio does not appear explicitly in my calcula-
tion method (Appendix 3). I wish to make clvar that
length-beam ratio is implicit in the ship mass coefficient
M' which is identically equal to 2 Cy B/L.

K. NOMOTO

It is a great pleasure to take part in the discussion on
this interesting paper. Certainly the effect of length-beam
ratio on the hydrodynamic damping in directional control
of a ship is of great interest with special reference to the
ease of control of giant tankers of the present day, whose
length-beam ratio is lessening as low as 5.

In this coninexion a look into Table 2 is highly sugges-
tive. The damping in yaw and sway, and consequently the
directional stability is governed by

Yy Ny — (Y, — M) Ny

Among these derivatives, what is8 mogt sensitive to the
length-beam ratio is definitely (Y; — M’), and this comes
largely from the drastic decrease in the nondimensional
mass.M’ with increasing length-beam ratio. Compared with
this, the puraly hydrodynamic derivatives Y., N, and N;
are much less sensitive.

Since M' represents the contribution of the centrifugal
force upon directional stability, this result suggests that the
effect of length-beam ratio upon directional stability is
more of the matter of mechanics rather than of hydrody-
namics. This might sound a bit reluctant to hydrodynamic-
ists, yet one thing worth noting.

Incidentally one can guess the effect of the block
coefficient on the directional stability along the same line;
the change in M' largely governs the fact.

As another remark, the frequency in PMM experiments
should be adequately low so that (WL/V)<2~2.5 in order
to obtain the derivatives that are free from the frequency
effect, in the discusser’s view. That means in the present
case W < 0.7 for F, = 0,15 and < 1.4 for F, = 0.3) and
accordingly most of these experiments are apparently within
this limit.

,
DISCUSSION
W.R. JACOBS EDWARD V, LEWIS v
Uappreciate greatly your asking for my commenta on This paper represents the type of well M\‘d and
your well-reasoned and informative paper. I am gratified, well executed experimental researchiihat we sxpegh from
moreover, to see that the Korvin-Kroukovsky and Jacobs Delft University of Technology. ¥
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My brief comments refer only to the first part of
the paper dealing with vertical motions. The experimental
determination of coefficients for pitch and heave for an
unusually wide range of L/B ratios shows encouraging
results. Even at such extreme proportions as L/B = 4, the
agreement between experiment and theory (Figures 1-8)
is as good, or almost as good, as for narrower hulls. The
so-called ‘‘new’’ theoretical method appears to give better
agreement in some cases but not in others,

It is not surprising then that excellent agresmeny is
obtained in Figures 9 and 10 between calmlated and ex.
perimental motions over this wide range of L/B. ln
the “new method” shows somewhat better results.
particular interest is the excellent agreement shown ln
Figure 11 for added resistance in waves. All in all, the paper
shows clearly the tremendous value of the “vigorom",
though perhaps not entirely ‘‘rigorous”, strip theory ap-
proach to ship motions. The high degree of practical use-
fulness of the method is due.in large part to work such as
reported in this paper, covering both refinements in the
theory and experimental verification of various aspects.

o

e e

S

CM. LEE -

Prof. Gerritsma and his co-anthors, as always, have
shown us again a valuable work which will greatly contrib-
ute to the adwancement of knowledge in ship hydrodynam.
ics.

v 4
.y =

T'he following ia my opinion on a min®k point which
I would like to talvethis occasion to present to he smthors
for their comments.

E 3

The squations of motion for ships in waves which are
derived under an assumption of linear frequency response,
are usually given in the form of the second order differen-
tial equations with frequency-dependent coefficients, As

ek

Dr. Cummins* rightly pointed out, the physical meaning of N
these coefficients can be often misleading depending on how SR
one arranges the coefficients in the equations. To be more b “i

specific, there is always a poasibility of interchanging the “5‘
coefficients between the inertia serms and restoring terms of -}
with enly change in the tactor (—W3). For instance, the R
coefficient A and C ase given in Eq\ution (6b)ws “g
- 2s- ) 8

"“
A= fmz"dz. #:;‘ﬁ
4—%[0

We can tagpefer the terms containing 1/W3.in A to C by Y,
multiplying t¥% terms by (—w 2) without impadring the

solutions of the If this is done for a ship with-
out abrupt ends, we "

*Cummins, W.E., “The Irapulse Rupo*mnuon and Ship Motlonl "
Schiffstechnik, Vol &, 1982
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The second term, —V2a, in C' is often called “Munk’s
Moment” and it is always a destabilizing moment due to
its negative sign. A difference resulting from interchanging
this Munk'’s moment term is in the determination of natural
frequencies, especially for pitch, The natural frequency

for uncoupled pitch mode can be estimated by

L
wp, = [c/A]*
I we use A’ and C' instead, then we have

4
w e Lc/A )
The difference between W,, and W, is usually small
for conventional ships for low speeds, However, the dif-
ference can be large for high speeds and pacrticularly, for
small waterplane area ships with a high crusing speed.

For a ship with very small waterplane area the vertical-
plane stability can become a problem for Ligh speeds. De-
pending on where the Munk moment term is placed, the
estimation of vertical-pla.ie stability can significantly change.
There is no question that for a stability study the Munk
moment should be placed in the restoring term.

For determining the natural frequencies and the
vertical-plane stability, it appears physically more adequate
to use A’ and C' than to use A and C. I would like to
know if the author; have some comments on this point,

MAX HONKANEN

At first I would like to express my gratitude for this
very useful paper presented here as the first one today.
I was very pleased to read it, because the first part, of which
some details were published at ITTC in 1972, has already
been used by me in checking the validity of my own
calculations., There is one question regarding the lateral
motions and forces associated with them that is bothering
me and I would appreciate if the authors could throw some
light on it,

As we all know, the theoretical treatment of the rota-
tive modes of motions is based on the assumption of fixed
axes of rotation, This, however, needs not n.cesss ily be
the truth, and in fact, there exists an apparunt cener of
rotation, which usually ditfers slightly from the intersection
point of the waterline and the symmetry plane of the ship,
I have formuiated a strip theory that makes allowance for
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an arbitrary center of rotation, and preliminary calculations
show that the location of this virtual center of rotation
may have a significant effect on the hydrodynamic coef-
ficients of the lateral motions. It should be understood
that the PMM test results may very wall be in a perfect
agreement with the theoretical results, since the tests are
actually run on the same assumption of a fixed center

of rotation as the theory has beer. Jerived.

I would simply like to ask the authors if they have
any experience on the effect of the virtual center of rota-
tion on the hydrodynamic coefficients of the lateral me-
tions and what order of magnitude they think that such an
effect would be.

NILS H. NORRBIN

In this summary of my oral discussion J will once
more bear witness to the benefit the reader may derive
from results of careful systematic studies of this kind, I
will restrict my comments to the analysis of the dynamic
stability in the horizontal plane. Within the particular bare
hull Series 60 family tested dynamic stability is inherent
for L/B ratios above 8. With stern appendices stability
wiil be realized for wider forms.

The analytical stability criterion compares the magni-

tude of two force levers, in the authors’ notation x; and xy'.

In particular, x, = 1,/L is the relative center-of-pressure-
in-gideslip, or the quotient N,/Y,. For a model family
this quotient wiil be given by the slope of the radius
vector to the locus N,(Y,). In Fig. 1 this locus is shown
by the arc shape to the right. In the same diagram but to
another scale the corresponding locus is also drawn as given
in the “bis” system Ny, (Y(,'v ): the locus now illustrates

a moment and a force, which both uniquely increase with
increasing L/B. The raaius vecter slope is shown for L/B =7,
for the bare hull as well as for a configuration with screw
and rudder. (The finite increments of Y, and Ny, have
been taken from model test results by van Leeuwen in
authors’ ref. {12].)

The diagram may be completed by adding the Jocus
of xg — Ny to a base of 1 — Y. (Again the use pf the
“bis” system will arrange the test data in a unique form.)
The stability criterion and the way it is affected by modifi-
cations to the stern is easily appreciated from a comparison
of vector slopes.

It would be of great velue if, in the future, the authors
could find an opportunity to include some results for hulls
with screw and rudcer, say for the cases of L/B = 5.5, 7
and 10,
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AUTHOR'S REPLY

Referring to the kind remark: of Miss Jacuos, we agree
that the differences in the experimental results for the Froude
numbers .15 and .20 are so small that the effect of wave
making in the development of simple theories can safely be
ignored. Since ‘ne wing analogy, primarily represented by
the length-draught ratio, is playing an important role in
these theories for assessing the lateral maneuvering deriva-
tives, it was though that the length-beam ratio would pro-
vide some correction factors respecting the distribution of
viscous forces along the length.

Prof. Nomoto points out that the derivative Y, — N’
is the most sensitive one, since the dimensionless mass
appeared, which shows the largest changes with varying
length-beam ratio’s, see table 2. He concludes that the
straight-line stability is more a matter of mechanics than
of hydrodynamics. We agree with this conclusion.
However we want to put emphasis upon the fact that the
experiments were executed with a modelseries having a
block coefficient Cy = .70 and a length-beam ratio L/B = 7
as a parent hull. It is therefore dangerous to extrapolate
the information contained in this paper to blunt tanker
forms with different block coefficients and different length-
beam ratios. Furthermore one should bear in mind that
the models tested were bare hulls. A rudder and propeller
fitted to the models will improve straight line stability.
Since changes in the form of the body .nd the distribution
of displacement along the length sometimes might induce
drastic changes in the hydrodynamic coefficients, we do not
fully agree with Prof, Nomoto’s remarks respecting the
effect of block coefficient. The last remark refers to the
maximum permissible frequency in horizontal PMM.-tests
to avoid frequency effects, In the in this paper presented
results there seems to be some evidence, Figs. 16 and 16,
to conclude that the dimensionless frequency W' should be
lower than 1 or at the most 1.5. Neverthnless not in all
cases higher frequencies could be avoided in order to obtain
measurable results.

Prof. Lewis confirms our poirt of view with regard to
the usefulness of strip theory calculations, From the prac-
tical point of view we do not favor one of the two theories
for the calculation of vertical motions. This is also based
on further incidental romoarisons for theory and experi-
ment for slender ship hull forms at high speeds of advance,.
Of particular interest is the agreement between the two
theories with regard to phase angles and the more or less
gverestimation of the heave amplitudes at resonance by tie
new theory. Up to now we use the old method for the
prediction of heave, pitch aad resistance increase in waves
for design purposes.

Mr. Lee makes some valuable remarks about the cieter-
mination of the natursl frequency. In our formulation of
the strip theory the restoring term is considered to be speed-
independent and consequently the speed dependent part has
been transferred to the added mass term. For the solut.on
of the motion equations it is irrelevant where the speed
dependent parts are situated. However for the determina-
tion of the natural frequency this may be important espe-
cially for high forward speeds. It is probably not correct
to keep the restoring term speed-independent and the
“Munk’s moment’ might be one significant addition for
high speeds. However, there is another influence of the
speed on the restoring term and this is due to the change

33

of trim and the wave formation. This effect should also

be taken into account for the determination of the natural
frequency. Experimentally we did not investigate the influ-
ence of “Munk’s moment” but we will certainly take into
account Mr. Lee's remarks in this respect.

According to Mr. Honkanen the situation of the
centre of rotation may influence the hydrodynamic coef-
ficients of the lateral motions. Unfortunately no experi-
mental values of this influence are available. To the opinion
of the authors the effect will not be so rigorous as suggested
by the discusser. This effect can be determined by means
of PMM test considering different positions of the rotation
axis, However, up to now these tests have not been carried
out by the authors,

Dr. Norrbin points out that the representation ..ccord-
ing to the “bis” 5;'stem of reference is much more illustra-
tive respecting the .traight line stahility as can be seen in
Fig. 1 of his discussion., Nevertheless the SNAME-
nomenclature is very widespread and used in a number of
countries and the authors prefer to stick to this nomencla-
ture. The authors agree with Dr. Norrhin’s remark respect-
ing the availability of results including propeller and rudder.
Some results, however, have been published in [1] in case
of full tankermodels and probably it is possible to extrapo-
late some information of these tests to the length-beam *
series.

[1} Glansdorp, C.C. Pijfers, J.G.L.
“Effect of Design Modifications on the natural course
stability of full tanker models’
The Institution of Mechanical Engineers
17-21 April 1972; London,
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HYDRODYNAMIC INTERACTIONS BETWEEN SHIPS

E. 0. Tuck
Univensity of Adeladide
Australia

J. N. Newman
M. T. T,
Cambridge, Massachusetts

ABSTRACT

Two theories are developed for pre-
dicting the hydrodynamic sway force and
yaw moment acting on each of two ships
while they are moving along parallel
paths. In the first case, the two
ship hulls are assumed slender, and
moving with constant velocities which
may differ. This case therefore in-
cludes examples such as steady parallel
motion in a re-fuelling maneuver, pass-
ing of a slow vessel by a faster-moving
vessel, passing in opposlte directions,
and passing of a moored vessel by a
moving vessel, In the second case, the
effects of shallow water are considered,
but now with the restriction that the
two vessels must be moving at the came
velocity, so that the resulting hydro-
dynamic interaction 1s analogous to a
two-dimensional bi-plane problem. In
both theories the fluld is assumed to
be ldeal, and free-surface effects are

SJ Sectilonal~area function of
Jth (double) body

Ty Draft of Jth body

t Time

Uy Velocity of Jjth body

v Lateral velocity fleld

X Dummy variable

(%0,¥0,%20) Cartesian coordinates fixed
in space

(xy,¥4,23) Carteslan coordinates fixed
with respect to the jth body
(3=1,2)

Y(t) Lateral (sway) force acting
on body 1

ignored. Numerical examples are Y'(&,t) Stripwise lateral force on
developed for both cases, and encourag- body 1
. ing comparisons with existing experi-
; ments are noted. YJ(x) Vortex strength 'ﬁ
£ NCMENCLATURE € Slenderness parameter ]
ki
Ay Stripwise lateral added-mass n Lateral separation between b
per unit fluid density,of body centerplanes i §
Jth body ) [ )
£ Stazger "
D 3/3t - U, 3/3x, ‘ o
N by Veloclty potential of Jth *
£, (x) coordinates of upper (lower) body alone s
' J surfaces of thin body %
A $12 Interaction potential i
h Fluid dcpth !
INTRODUCTION
J Index denoting body 1 or 2
Ship~to-ship interactions involving
Ly Length of Jth body significant hydrodynamic forces and mom-
ents will occur when two vessels are
my Source strength moving in close proximity, or when a
mov.ing vessel passes a moored vessel.
N(t) Vertical (yaw) moment acting A particular case of special interest is
on body 1 the steady-state situation of two vessels
moving in tandem, as in a re-fuelling
n Unit normal vector positive maneuver, or of a single vessel moving

out of fluid domain

ry Polar radius from xj-axis

parallel to a canal wall or channel bank.
The "bank-suction" problem 1s related by
the method of images, to the re-fuelling
problem for two identical ships directly
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abeam of each other, 1f the bank 1s a
vertical wall. In each of these vari-
ous problems, hydrodynami~- interaction
forces and moments may lead to collision,
breakage of mooring lines, or grounding.

There have been only a few theor-
etical analyses or experimental in-
vestigations of the above problems in
the past. For the steady-state bank-
suction problem, or the equlvalent re-
fuelling problem, slender-body results
have been developed by Newman (1,2) for
axisymmetric bodles and for slender
pointed bodies of arbitrary crosg-
section. For bodies moving at the same
or different veloclties, a two-
dimensional theory for elliptical cyl-
inders has been developed by Collatz (3).
Newton (4) has reported experimental ~
data for the re-fuelling problem,
including measurements of the sway force
and yaw moment on two ship hulls moving
in tandem, and Olgtmann (5) has performed
experiments to compare wlth Collatz' (3)
two-dimensional elliptic-cylinder theory.
For the bank-suction problem other
theories and experiments are surveyed by
Norrbin (6).

In this paper we shall extend both
the slender-body theory and the two-
dimensional approach. In the former
case, to be treated in Section 2, we
allow the two vessels to be of arbiltrary
different slender forms, moving with
constant veloclties which may differ,
and we relax the pointed-end condition
to allow specifically for a low-aspect-
ratlo tralling-edge effect at the stern.
The fluld depth may be infinite or
finlte, but must be large compared to
the ships' beams and drafts. Similar-
ly, the lateral separation between the
two ships 1s assumed to be comparable to
thelr lengths, and large compared to
their beams. Subject to these re-~
strictions it is then possible to
develop a first-order theory for the
interaction force and moment in which
the two separate bodles are superposed,
and each one 1s subject to the "exelting
force and moment" due to the non-uniform
field generated by the other hull.

The force and moment are analysed
by developing a very general formula
for the stripwise lateral force exerted
on a slender body moving in the longi-
tudinal direction through a lateral
non-uniform flow field. The resulting
expression 1s a generallzation of
classlcal slender-body theory,analogous
to the use of G.I. Taylor's theorem (7)
for the force on a body in an accelerat-
ing uniform field. This result appears
to be of some interest in its own right,
and possible applications to seakeeping
theory will be noted.

By applying this formula to the
ship-to-ship interaction problem,
specific results are obtalned for the
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sway force and yaw moment actlng on one
body, due to the passage of a second,
and calculations are presented for two
ship hulls with parabollc sectional-
area distributions and constant drafg.
Comparison is shown between these
calculations and the experiments report-
ed by Newton (4) for the re-fuelling
problem, nd qualitative agreement is
found, but the experimental force and
moment generally exceed those of the,
theory. A’so 1llustrated in the
computations are the effects of varying
the two ships' speeds, it belng noted
that the force and moment acting on one
ship depend linearly on the ratio of its
speed to that of the passing ship.

The force and moment are greater for
ships moving in opposite directions,
and, similarly, the force 1is greater

on the slower of two vessels moving
with unequal velocities, As a specilal
case, 1t 1s noted that the force on a
moored ship will exceed that acting on
the same vessel while it is‘ underway and
moving in the same direction as the
passing ship. Flnally, the effects of
finite depth are 1illustrated, and it 1s
noted that the interaction force and
moment are increased by finite-depth
effects.

In order to pass to the important
case of very shallow water, an entirely
different approach must be made. Here,
as noted by Tuck (8) for longitudinal
motions, the flow is quasi-two-
dimensional in horizontal planes,
independent of the vertical coordinate
except perhaps locally near the two
bodies. Indeed, in the limit where the
tluld depth equals the ships' drafts,
and if the ships' Sides are vertical,
the flow 1s strictly two-dimensional
everywhere, and this greatly simplifies
the analysis. In thls case, however,
the interactions between the two bodiles
are more complex than for the deep
water theory. The analysis is quite
analogous to the two-dimenslonal
symmetrical biplane problem, or the
ground-effect problem of aerodynamics.
Thls problem 1s solved here in Section
3 by an extension of classical thLin-wing
theory, using a distribution of sources
to represent the thickness eff-ats of
the two bodles, and vortices . repre-
sent the interaction of the bodies with
the lateral flow. A pair of coupled
integral equations results, the solu~
tions of which are unique if Kutta
conditions are imposed at the"sterns",
or tralling edges of the two bodies.
Here we assume that the two bedies move
in tandem with equal velocity, so the
flow 1s steady-state; this avoids the
well lknown complications of unsteady
vortex shedding from the two trailing
edges.

An efficient approach is outlined
for the numerical solution of the
coupled singular integral equations,
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applied to bodies of rectangular
thickness distribution, and compared
with the experiments of Oltmann (5).
Oltmann's experiments (5) were motiva-
ted by the theory of Collatz (3),
which differs from the present thin-
wing approach in that the two bodies
are bluff ellipses, and there 1s no
circulation or Kutta condition 1lmposed.
The present rgsults seem in this
respect to be an improvement on
Collatz' theory, and thils statement ia
confirmed by the 1improved qualitative
agreement between the present theory
and Oltmann's measurements, In fact,
there irs ‘'ood quantitative agreement

betwee ° esent calculations and
Oltman: sriacats in the case of
the 8.. Jorce, but for the yaw moment

the agricment 1s not significantly
Far+er thar that resulting from
Gu. atz' theory.

Common to both the slender-body
theory of Section 2 and the two-
dimensional theory of Section 3 are the
assumptlons that the fluvid is 1nviscid
and incompressible, and that the
Froude number 1s sufficiently small
that free-surface effects can be 1g-
nored. It 1s also assumed that the
lateral separation distance between the
two budies 1s cumparable tao thelr
lengths, and large compared to their
beams. In view of the rigld free-
surface assumption a double=body model
can be analysed in Section 2, and the
two~dimensional assumption is valid in
Section 3. The neglect of free-
surface effects may be questioned,
especlally by ship hydrodynamicists who
plow the more cultivated flelds of wave
resistance and seakeeping. However
1t 1s significant that in those cases
the problem vanlishes if there 18 no
free surface, whereas here and more
generally in the field of ship
maneuvering, a non-trivial problem
remalns when the free surface 1is re-
placed by a rigid horizontal plane.

~Moreover, for conventlional ships it may

be more useful to concern ourselves in
the future with covercoming the neglect
of wiscous effects, notably cross-flow
separation forces, which are likely to
be of mare importance than the effects
of the ffee\surface.

Within the ideal-fluid, rigid-free-
surface model utilized here, further
generallzatlons are notable, and we
shall outline in Section 4 the specific
possibilities for considering the
effects of a "gap" beneath the ship's
bottom 1n shallow water, which requires
modifications of the otherwlse two-
dimensional theory for shallow water,
and the complications which result 1f
the two bodiles are in close proximity
to each other, the present theorles
assumlng on the contrary that the
separation distances are comparable to
the body lengths.
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Before embarking upon the separate
analyses of Sections 2 and 3, we first
develop a consistent notation and ref-
erence system. In general the problem
to be considered is that of two stream-
lined bodles, moving through an ideal
fluild with constant velocitles U,, U,,
along parallel paths separated by a
constant distance n. it 1s convenlent
to use a separate moving coordinate
system for each body, writing
(x3,¥4,23) as a set of Cartesian co-
ordlnates fixed in the Jjth body
(§J=1,2), such that xj 1is the center-
plane of symmetry and xJ=0 the mid-
body station, with x measured for-
ward and y to starboard. In accord-
ance with tge right-handed convention
and the usual notatlon of ship maneuver-
ing, the vertical z-coordilnate is 4i-
rected positive downward in Section 2,
whereas in Scction 3 the vertical co-
ordinate 1s superfluous. It is con-
ceptually convenient to relate these
two moving reference frames to a filxed
(Xo,¥0,%0) sSystem such that the later
colncides with (x3,y1,z1) at time t=0,
Then it follow§ that

Xo = X1 + Uyt = x2 + Ut - E(O)' (1)
Y- *y1 =yz +n, (2)
Zo = Zy = Za, (3)

where 1nitially at time t=0, bhody 1 is
£(0) wunits ahead of body 2. At a
general time t, body 1 is E&(t) wunits
ahead of body 2, where

E(t) = x2-x, = (Uy-Upx)t + E(0). W)

We shall call E(t)} the "stagger" of
the bodles. Ultimately we shall be
concerned with the lateral sway forces
Yy and yaw moments Nj; defined to be
positive to starboard and for the bow
turning to starboard respectively.
These conventions and notations are
illustrated in Figure 1, which 1s

Figure 1 "Fish-eye" view of the %two
bodles and coordinate systems.




presented as a "fish-eye" view from be-"

low the vessels, in order that the co-
ordinates ) retain their usual
orientation in tge horizontal plane.
The lengths of the two bodles are
denoted by LJ and 1t 1s assumed
through-"1t our analyses that the lat-
eral dimensions of the bodies are of
order ¢Ly, where € 18 a slenderness
parameter which is small compared to
unity. We also assume that the
separation distance n 18 0(L,), and
hence is large compared to the lateral
dimensions of the bodles.

2, INTERACTION BETWEEN TWO SLENDER
BODIES

The problem to be considered here
is that of two slender bodles, moving
in 3 fluid of infinite depth or of
deptn comparable to the length ¢f the
bodies and large compared to their
lateral dimensions. Initially we con-
fine our attention to the infinite-
depth case. Noting that the rigid-
free=-surface assumption Yeads to a
"Aouble~body" solution, i.e. the
original ship hull beneath the plane of
the free surface and an image hull
above this plane, we shall consistently
refer to the double body throughout
this Section. The results are there-
fore applicable to other p oblems
involving the motlon of slender bodies
through unbounded fluids, as well as
to the aerodynamic problem of two
passing automoblles or trains. In
view of the origlnal rigld~free-surface
assumption, we assume that the plane
z=0 1s a plane of symmetry of the flow,
and thus the double body has two planes
of symmetry, but may be of arbitrary
form 1n the longitudirnal direction.

Since the lateral separation be-
tween the two bodles 1s large compared
to their lateral dimensions (beam and
draft) each body 1s in the other's far
field, and to leadlng order in €, the
flow fields produced by each body can
be computed as 1f the other were absent.
This means that, in the Jth co-
ordinate system, the flow about the
Jth body is asymptotically steady, and
can be estimated by standard methods of
s8lender-body theory for steady motion
of a single body in an infinite fluid.
In particnlar, the perturbation veloc-
ity potentlal for flow past the Jth
body can be written

U Sy(x)dx
Oy (X5,¥4,24)= J. b]
ST R T J [(XJ-xf'+rJ’5}
Ly
+ 0(e"), (5)
where 1r, = [y? + z% ]i and

3( 1s
the cross-sect on a ea curve of the
Jth Dbody. Note that there is no

explicit time dependence in (5), the un-
steadiness coming in only through the
fact that the coordinate systems are
moving 1n space, This expression 1s
valid for ry = 0(Lj) only. An esti-
mate of ¢4 for small ry 1s

’ Uy,
¢J(XJ )y‘],ZJ)" - Fﬂ,‘ Sj(xd)log I‘J"'rJ(XJ)

+0(e'/rJ’), “

is 8 known function,

The "error"
terms represent d gy o(e" /ra) are due
to local multipoles, etc. Note that
these terms are not small at distances
from the body comparable with 1ts lat-
eral dimensions, l.e. vy = O(ELi)

The formula (6) is 1w fact useful only
in the intermediate reglc ceLj<<rgy<<ly,
where the error term is inaceed small.

In the true inner region ry = O(eL )

we must in principle determin
numerically for the given cross- section.
Significant non-axisymmetric effects are
present in the inner reglon, in contrast
to the intermediate and far-field re-
sults (5,5) which are axisymmetric
irrespective of the geometrical form of
the bodies.

where (xy
dependen%

In the remainder of the analysis,
we shall be considering the flow in the
(x1,¥1,21) co-ordinate system fixed in
body 1. The complete solution in thils
co~ordinate system must be representable
as the sum of an apparent uniform stream
of magnitude U, in the -x; direction,
the self-potential ¢,, the other-body
potential ¢,, and an 1interaction po-
tential measuring the (small) inter-
action effects. Thus we write

d(X1,¥1,2y,t)a=Uyx1+¢1(x1,¥1,21)

+ 02(X2,¥2,22)+¢12(x1,¥1,21,%),

n

We note that the potentials ¢4 are
0(e?), and shall find that ¢32=0(e’).

The exact boundary condition on
body 1 1s simply 234/9n=0, since body 1
appears fixed in the present co-ordinate
system. Since the portion -~U;x +¢;
by definitlon already satisfies this
condition, we must choose the correction
term ¢j12 S0 as to cancel out the un-
wanted normal veloclty induced by the
potential ¢, near body 1, i.e.

lg;rx{z.- —g—%‘ on body 1. (8)

Note that the particular interaction po-
tential ¢, 8o determined is valid
only in the neighbourhood of body 1,

nce the boundary condition on body 2
is st11l1 only satisfied to 0(e?).

In order to satisfy (8), we need
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the form of the potential ¢ near

r, = 0 1.e. near the axis of body 1,
which (using (2) and a Taylor series
expgnaion for small y: = 0(e)) 1s giv-
en by

¢20x2,¥2,22)3¢3(x2,-n,0)

+ ¢zyg(xz =N ,0)+0(€~).
4 9)
The first term of (9) is simply the po-
tential ¢, evaluated on the axis r,=0
of body 1, while the second term
represents a uniform atream of magnit-
ude

V(X.) b @lyz(’(z’-n)o)
. %‘,—,’l [ Sa i)dx

La

[(x2-x)2+n21 ,

(10)

equal to the cross-flow velocity due to
the presence of body 2, evaluated on

the axis of body 1. Note that the

term 392 of the Taylor expansilon
vanishes,aﬁecause of the assumed

symmetry of the flow about the plane z=0.

The boundary condition (8) does not
involve the first term of (9) since
$¢2(x2,~-n,0) 18 a constant in each
cross section x; = constant, so that
(8) and (9) together imply

3%%& = -V 3%% , on body 1. (11)

This means physically that ¢,2 1s the
veloclty potential for a lateral trans-
lation of velocity -V of each section
X1 = constant of body 1. Slenderness
guarantees that ¢i12 1s a two-

dimensional potential in the (¥:4)
plane. Thus we can write
P12 = ~V(x2)¥(x1,¥:1,21) , (12)
where
22 .20 on body 1. (13)

The canonical potential ¢ can only be
determined numerically, for a general
cross gechtion, For bodles of revolu-
tion v, = ro(x,) however, 1t clearly
takes the value

b = poz( %fr) . (1)

and for general bodies we have (c f.
Batchelor (8)) the far~fleld result

NG [Hreomn], a9

where S; 1s the cross-section area,
18 before, and pA: the added mass per
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unit length. Equations (14) (15) are
in agreement for bodies of revolution,
since A; £ S, = Wl‘ozn

In summary, near body 1 we have
¢ = “Uyxa+é1(x1,¥1,21)+92(x2,-n,0)

+V(x) [y1=%(x1,y1,21)].
(16)

Computation of Force and Moment

Once a sultable potentlal is ob-
tained, the pressure on body 1 can be
evaluated and hence the force distribu-
tion can be obtained by integration.

On substitution of (16) into the un-
steady Bernoulli equation

P = -olos+¥(Ve)2-¥U,%], (an
we obtaln the recult
P ® P1+p2+p12t0(e*), (18)
where

Py = ‘Deq°1xl+¥¢xylz+k¢lzf) - 0<ez)(19)

1s the pressure due to body 1 alone,
pz = ~pDéa(xy,~n,0) = 0(e?) (20)

1s the pressure due to body 2 alone,
evaluated on the axis of body 1, and

Piz = —pl(y-9)DV+U VEy +Vi1y,

is the 0(e®) interaction pressure.
Here
3 3
D-a—t-Ul Xy

denctes the time derivative in the mov-
ing reference frame of body 1.

From symmetry conslderations neith-
er D nar Ppz2 can induce lateral
forces on body 1!. Thus we shall con~-
cern ourselves only with pi2, which
supplies a force dY on each section
dx of the body where

() = 8L - I prznydk,  (22)

[o;

1 Note, however, that p; will cause a
longitudinal or surging force on body 1,
which is not considered in the present
paper. In the special case where body
1 is fixed and axlsymmetric, both the
longitudinal and lateral forces have
beer: computed in an unpublished work by
S.Wang using Lagally's theorem. Wang's
lateral-force formula agrees with that
to be presented here. .
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Substitution of (21) in (22) results .-

in a pressure integral on the contour
¢ which would be complicated to work
out directly, and which moreover re-
quires the knowledge of the local multi-
pole effects on the potentials ¢: and
12 Which are not included in (6) and
15). It is possitle to proceed by an
indirect path, however, using conserva-
tion of momentum arguments or Green's
theorem; the mathematical steps are
essentially identical to those carriled
out by Lighthill (10) and reproduced by
Newman and Wu (l1), and an alternative
three~-dimensional derivation has been
presented by Newman (12). These deri-
vations are valid for a single slender
body which undergoes lateral oscilla-
tions Vp(x,t) 1in a fluld which 1s at
rest at infinity except for a uniform
longitudinal stream, and thus one must
now include the inhomogeneous lateral
flow at infinity which corresponds to
the lateral stream potential V(xz2)y:i.
However the mathematlcal steps are
sufficlently straightforward that 1t is
not thought to merilt a derivation
here, and instead we present a physical
argument for the final result.

We note first that if V=0, but
instead the body moves with lateral
displacement y=y,(x,t), and corres-
ponding lateral velocity Vyp = Dyp,
then the differential lateral force
acting on the body is (10,11,12)

Y'(x,t) = =pD(V,A), (23)

where pA(x) 1s the added-mass per
unit length. Now if the inhomogeneous
lateral flow V(x,t) 1s superposed,
two additional force components will
result. First there will be a contri-
bution due to the hydrodynamic disturb-
ance of the incldent flow by the body,
which must vanish when V=Vy,, and this
implies ;

-pD[(Vp=V)Al,

In additlon we note that the non-uniform
incident flow fileld results in a lateral
pressure gradlent

ap/3y = =pD(V),

and a corresponding "buoyancy force"
equal to the negative product of this
pressure gradlent with the dlsplaced
volume of fluid. Thus, adding these
two force components, the general ex-
pression for the differential lateral
force acting on a body which moves with
lateral velocity Vp(x,t) in a non-
uniform lateral stream of veloclty
Vix,t) 1s

Y'(x,t) = pSD(V)-pDEVy-V)A] (24)
Finally, for the present situatlon where

body 1 is fixed, with Vp=0, and S=S5,,
A=A, , it follows that
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Y' = pS,D(V)+pD(VA,) (25)

Equa*ion (25) 1s the desired result for
the differentlal lateral force acting
on a slender body which 1s fixed in

an incident flow of constant longitud-
inal velocity and non-uniform lateral
veloclity.

Before using the result (25) to
find the interaction force and moment
due to a second passing vesse., it may
be appropriate to discuss some general
aspects of equations (24) and (25).
First we note that these formulae re-
quire that the body be geometrically
slender, and pointed at the upstream
end or bow, but it 18 not neceasary for
the tall or stern to be pointed and, as
in the analogous formulae of slender
lifting surfaces, (24) and (25) can be
applied to bodies with finned trailing
edges at the downstream end, from whlch
vortex sheets trall downstream in the
fluid. There is a wellknown analogy
between the lateral oscillations of a
ship hull in the horizontal plane, and
the corresponding motlons of a low-
aspect-ratlo double body, the trailing
edge of the latter effectively being
replaced by the rudder and deadwood of
the ship and 1ts image. This lifting
effect 1s significant in general, and
must be retained in the present analysis
of lateral interaction forces and mom-
ents,

Equations (24) and (25) can also be
applied to other problems involving
noriuniform external filelds, the most
obvious example being the seakeeping
problem where Vi, represents the rigld-
body motions of the vessel, and V
represents the velocity fleld of the
incident wave system. Thus (24) and
(25) may be used to solve the seakeeping
problem for submerged slender bodles,
including the effects of taill-fin
lifting surfaces.

For bodles with pointed sterns and
no shed vorticity downstream, Lagally's
theorem may also be applied to find the
force and moment on the body, as in
Wang's study' of the ship-to-ship inter-
action forces, and Cummina' (13) analy-
sis of wave forces on submerged bodles.
However Lagally's theorem will give in-
correct results if the tail span 1s non-
zZero. This point 18 emphasized because
in recent years 1t has become somewhat
common in seakeeping theory to extend
formal strip-theory analyses to include
transom-stern configurations, and such
procedures are inherently dangerous un-
less one 1s sufficlently shrewd or lucky
to integrate by parts and retain the
correct end effects at the stern. A
preferable approach to this problem would
be to extend (2U) to the case of a float-
ing body, where S depends on time and
the body can no longer be surrounded by
& closed control volume, without careful
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congideration of the free surface; how-
ever this analysis 1s obviously beyond
the scope of the present paper.

Now let us use (25) to evaluate
the ship-to-ship interaction force on
body 1. Integrating over L; gives
the total force

Y = p| {D(VA,)+S,D(V)}dx, . (26)

Noting that

DIV(xa)] = =UsV'(x2), (21)
it follows that
Y- -p[ [UV' (x2+E) (S1#A)
L
=ULV(x,1+8) A1 ldx,
= o [U2S1+(U2=U;)A;IV(x +E)dx,

+0U2V(-HLHE) Ay (~4L),
(28)

where we assume that S,(t4L) = 0

and A,(+¥%L) = 0, whereas (%o allow for
finite tralling-edge span) A,(-%L) may
be non-zero.

Using (10) to evaluate V, we

obtain the final expression for the
interaction force,

Y = 2%%ﬁ [ [U2S; (x1)+(Ua=U)A1(x3) ]

In
I Sﬁ’(xz)dXz
' 3
1, [(xa=x1-E)*n2]
*2%§3A,uam I 83 (x;3)dxs
[(xa+¥L-E)2+n? ]* ,

Lz
(29)

and similarly, for the yawing moment,
N = 2%%3 I [x1U281(x1)+x3 (Ua=Up)AL(x1)

L,
+U38:(x1)+UaA1(x,) ]

TN
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. [ Sz (xg)dx
L‘[(Xt-X1‘E)'*n’]
- 2 LA;(-&L)[

Ly

Sz(x3)dx;

[(Xz+’tL~E)'+n']+ .

(30)

Both the force (29) and moment (30)
are of the form aU,(+bU,%, where a
and b depend on the body geometries
and separation distances. Thus the
force and moment acting on body 1 will
vanish 1f Us=0, and also if
Uy /Uy= -a/b.

In the first case, there 1is no
force on body one 1if body two is stat-
lonary, or no force on a passing vessel
due to its interaction with a station-
ary vessel. This result gppears to be
unreasonable, on physical grounds, but
may be reconclled with our slender-body
analysis by concluding that the correct
force in this case would be of higher
order in €. Indeea, the present
results indicate for U,¥0 a force and
moment of order e“, whereas it 1s not
difficult to establish that the corres-
p?nging results for Upx=0 would be
0(e®).

The vanishing of the force and mom-
ent at a second speed, dapendent on the
ratio a/b, 1s more easily accepted in
general, since the ratio a/b will de~
pend on the separation dilstance and
stagger, and vanishing of the force or
moment for specific combinations of the
speeds and geometrical configuration
corresponds only %o cross-over points
between positive and negative values of
the force or moment. Howeve™ one
special case where the force vanlshes
irrespective of the separation and
stagger 18 that of a body of revolu-~
tion, without tail fins, where A,85,,
and thus from (29) it follows that the
lateral force vanishes for all values
of the atagger and separation distances,
provided that U,/Uy=2. In other words,
the lateral interaction force on a body
of revolution will always be zero if 1t
passes a second body of arbitrary slen-
der form at preclsely twice the second
body 's speed! Again thls result may
appear to be surprising on physical
grounds, and from the mathematical view-
point hlgher-order terms will again be-
come significant when the leading-order
force vanishes. Moreover, this partic-
ular result is restricted to axi-
symmetric bodles, but we anticipate that
for more general slender bodies the lat-
eral interaction force may be relatively
small in the vicinity of the point where
UIUZUg.
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Approximation for small lateral
segaraEion

Asymptotic approximations of the
force (29) and moment (30) can be de-
rived if the lateral separation n is
small or large compared to the body
lengths. The case of large separa-
tion is of limited interest from the
practical standpoint. (It is easily
shown that Y and N are 0(n"*) as
n+e,) The case of small separation
i3 more interesting, since this i1s the
situation of practical importance, and
also because 1t 1s interesting to
study the relationship (and possible
matching) between the present results
valid for n =» 0(L), and the comple-
mentary results of Newman (1) where n
15 taken to be small, of order ¢,
fram the very beginning.

It 18 clear, from (29) and (30)
that, as n+0, the kernel function
reduces to a delta functien, 1.e.,

n[x‘+n’]'g o % 8(x),

as can be conflirmed by integration.
Thus 1t follows that

LI [ [U281 (x2)+(Us=U1) A1 (x1) ]

.S3(xy+E)dx,

2
+ B Ay (-HL)S; (~414E), (3D)

with a similar expression for the mom-
ent. It will be noted that, in this
approximation, the interaction force
and moment are inversely proportional
to the separa“iaon distance n. Note
alao that in this case where n 1is
small, the interaction force and mom-
ent vanish if there is no overlap
between the two vessels.

The complementary theory, valid
for n=0(e), will generally require
a numerical solution for the two-
dimensional flow in the inner region
occupled simultaneocusly by the two
vessels. However a special case where
simple closed-form results are obtain-
ed 1s that of a pair of identical axi-
symmetric bodies, moving in tandem
with equal velocitiles and zero stagger
or, equivalently, one axisymmetric
body moving parallel to a wall. This
problem has been solved by Newman (1)
for the case where n-o(tg, and in
the present notation the force and
moment are given by

HEE N ILHORIEE O N

(32)

For n+= 1in this "inner" theory, the
second term in the inverse square root
is neglected and thus (32) reduces pre-
cisely to the appropriate special case
of (31) where the speeds and bodies are
identical and stagger 1s zero. A sim~-
ilar matching is readily demonstrated
for"the "inner limit of the outer mom-
ent".

Thus, for the speclal case noted
above, we have explicit inner and outer
theories which overilap. Unfortunately
there 1s no simple way to generallze
the inner result (32) for non-axisymm-
etrlc bodies, although the bi-polar
coordinate system used in Reference (1)
might still be applied to extend (32)
to the unsteady passing problem for
two axisymmetric bodies.

Finite Depth Effects

If the fluid domain is bounded by
horizontal planes at z = th, and h
is 0(1) with respect to the slender-
ness parameter €, the method of
images can be used to generallze the
above infinite-depth theory, simply by
adding to the original source and dipole
potentials in (25) and (15) an
infinicve system of image singularites
at 2z = t2nh, n = 1,2,,..%, It is
unnecessary to repeat the subsequent
analysis, if one notes simply that (10)
should be replaced by

Vixa) = Y2 3 I Sa(x)ax

e [(xz-x)2+n%+4n%n?]

Q.
La
(33)

Thus, in general, 1f Y(n,h) denotes
the interaction force in depth h with
lateral separation distance n, 1t 1is
clear from (29) that

o [ Y(uy,=)
Y(n,h) = nn=§£ Un ]un-(n’ﬂm’hz)i,

(34)

with a similar expression for the moment
N. This provides a convenient compu-
tational scheme for evaluation of the
finite-depth effects on Y and N, for
fluid depths whicgh are large compared

to the beam and draft of the vessels.

Numerical results

To simplify the evaluation of Y
and N we assume that the two bodies
have parabolic distributions of sect-
ional area S,, and constant values of
their added-miAss coefficients A,.

(For a ship the latter asuumptioﬂ is
roughly equivalent to assuming constant
draft along the length.) Thus we take
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Sy(xy) = 85(0)(1-xy2/3iL3%), (35)

where 8,(0) 18 the mid-ship sectional
area of éhe double body, and

Aylxy) = mrgt, (36)

where is the seml-span c¢f the
douhle body, or draft of the ship hull,
at the tail = -§Lj. The derivative
of Sj 1s elementary:

Sy = -8sfokj/Ly?, (37

but the derivative of Aj must be
evaluated with caution. In the
spirit of slender lifting-surface
theory, 1t 1s appropriate to impose

a weak Kutta condition at the trail-
ing edge, by regarding AJ as a con-
tinuous function at x = =4I (e.f.
Newman and Wu, 1973). Thus, in an
analogous manner to a low-aspect-ratio
rectangular 1ifting surface, A{=0
except at the nose or leading eége,
where A$ must Jump between the filnite
value wTy%® on the body and zero
ahead of the body.
that

Hence 1t follows

Aj(xd) - —wTJZG(Xj-HVQ), (38)

where ¢ denotes the Dirac delta-
function.
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Substitution of equations (35-38) in
(29-30) gives expressions for the sway
force and yaw moment in terms of elemen-
tary integrals, Evaluation of these
integrals yields complicated but straight-
forward algebraic expressiona for the
force and moment, which have been evalu-
ated on a digital computer. Results
based on this computer program are

shown in Figures 2-6, for the two ships
(A and B) for which Newton (Y) has re-
ported experimental results. Ship A

is the battleship KING GEORGE V, of
length 747 feet, beam 103 feet, draft
29.3 feet, and dlsplacement 36,890 tons.
Ship B is the R.F.A. OLNA, of length

567 feet, beam 70 feet, draft 30 feet,
and displacement 23,570 tons. These
two vessels' midship section areas are
3050 and 2075 square feet, respectively.
Their sectional area distributions
depart only slightly from parabolic
curves, and it is notable +hat Ship A

is slightly fuller, so that these de-
partures should tend to cancel out.

Figures 2 and 3 show the compari-
Son between theory and experiments for
the sway force and yaw mament respect-
ively, in the steady case U,=U, and
for a full-scale lateral separation of
136 feet (fifty feet clearance between
the two ships when abeam). Generally
speaking, the peak values of the force

04 T T T 1
) N Expts. ship 8
5= 03f \\(/' pis. Ship _ 1
w g \ Expts. ship A
X
§ 02 1
= n .
B § Theory ship B
g 01
0 sl
g \§~‘~n——n’
& -0 \\\\- ‘m~:’(:;v‘
.S ‘-/
2 -02r T '
s
@ L 1 A 1
600 400 200 0 200 400 600
Ship A ahead Ship B ahead
§, feat

Fig. 2. Sway

forces on two ships, and corresponding

experimental mesults of Newton (4).
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Fig. 3. Yaw moments on two ships, and corresponding experimental results of Newton (4).
Note: The theoretical portion of this figure has been revised as noted in the discussion.

occur virtually when the two vesasels
are abeam, the force then being one of
attraction between the two vessels.

It is disappointing to note that at
this peak value the theory under-
predicts the experimental measure-
ments by a factor of approximately 40%.
However the curves are qualitatively
similar, and the agreement of the ;
repulsion forces which occur when the
ships are clear of each other, or only
slightly overlapped, is more satisfact-
ory.

The comparison of the moments
shown in Figure 3 is less eatisfactory®,
although it will be noted that good
agreement exlsts for the moment on the
aft ship when the stagger or longiltud-
inal separation exceeds about one-
"hird of the ship length. Thia sugg-
¢sts the possible hypothesls that vis-
cous separation forces are significant,
since these wauld be expected only on
the afterbody of the two ships, whereas
the turning moment on the after ship
will arise primarily from lateral forc-
es exerted on 1ts forebody and so
should be less sensltive to the effects
of separation.

Figure 4§ shows the effects of
varying lateral separation or clearance
on the sway force when the two vessels
are abeam (E=0). Once again the
Qualitative agreement with experiments

is v%r¥ sood, but the theoretical re-
n.

n —= ftest
T e
00012 \
\ Theory ship 8
00010} /\/—
- \
b \
> 5 0-00081- \ Expts. shp B
[N \/
| oomsl \
Expts. ship A
0-0004 |-
0-0002
Theory ship A
0 { | R i IR
[} 50 W W0 20
Clsarance, fast
Fig. 4. Peak sway force as a function
of separation distance. The
lower abscissa shows actual
clearanec bhetwean hulls,
“
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l 1 1 [\
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Q0002
0.0001
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-0.0001
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Theoretical sway forces on two ships moving at ;he same or different speeds.

Flg. 5.
Note that U, denotes the speed of the ship on which the force is megsured.

sults are 30-40% lower than the experi-

. ments. Figure 5 shows the effect on
the sway torce of different velocltles '
for the two ships, under the same con- i

ditions as 1n Flgure 2. It is note-
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worthy that the force on the
vessel, Ship B, 1s increased

smaller
by about
rather than

50% if 1t is moored (U, =0)
moving at the same speed as Ship A, but
in the converse case of the larger
vessel, ship B, the effect of its own
speed 1s less important. Recallip®¥
that the force on each ship is a linear
function of its own velcclty, more
general results can be derived by iinear
extrapolation or interpolgtion in Flgure
5. In particular it is obvious that
the force on each ship will be greater
1f they pass in opposite directlons, as
compared to moving In the same direction
Also 1t 1s noted that the fousce on Ship
B will be minimized 1f 1t moves at a
speed slightly greater than twice the
speed of ship A. In this connection

we recall that if ship B was a body of
revolution, the force on 1t would vanish
precisely when its speed was two times
that of the second shilp.

Finally, in Figure 6, we show the
effects of finite depth of water, by
plotting the ratlo of the sway force
to its value in infinite depth. The
curves in this figure are essentlally
universal, in that they are identical,
to wlthin graphical accuracy,  for ships
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A and B, and do not depend significantly
on the ratio between the two ships'

speeds. In general the effects of fin-
ite depth are to increase the sway ferce
but this increase is less than 5% unless
the fluid depth 1s less than the lateral
separation distance between the two
ships' centerlines.

3. INTERACTION BETWEEN THIN BODIES
IN STEADY TWO-DIMENSTIONAL FLOW

Derivation of Integral Equations

We now consider steady two-
dimensional flow about a pair of thin
bodles which are separated laterally by
a fixed distance y = n and longitud-
inally by a fixed distance&. Steadl-
ness demands that the velocities of the
two bodles be the same. With this
restriction (i.e., U;=Uz=U), Figurel
stlll describes the flow situation, but
now in two dimensions. For conv-ni-
ence, a stream of velocity U 1is sup-
erposed in the -x, direction to bring
the two bodies to rest. We shall
retain where convenient the (x:,y¥:1)
and (x2,y2) co-ordinates as in Figure

We allow at first a degree of
lateral asymmetry of the separate body
surfaces, writing as the equation of
body "J", Jj=1,2,

vy = ft(xy), -HLy < xy o< ALy,

39)

with a + sign for * = upper surface and
a ~ sign for the lowcer surface, How-
ever the two bodies are assumed to be
tnin, i.e. all fy* are small compared
with Ly and n. The requirement on
n means that each body is in the far
field of the otuer, as in the previous
section,

However, because of the reduced
freedom of flow in two dimensions
relative to three dimensions, it 1is no
longer true that the influence of body
2 on body 1 can be calculated using
the singularity distribution which
generates body 2 1in the absence of body
1. 1In fact in the limit as f3* » 0,
the bodies shrink to zero-thickness
cuts in the (x-y) plane, whlech are
formally representable (s Jdistributions
of snurces and vortices (or lateral di-
poles) of strength determined by che
boundary conditions. The source
strength 1s related as in conventional
thin-wing theory to the local slope of
the thickness distribution curve, and
no interaction occurs between body 1
and body 2 in its determination. On
the other hand, the vortex strength at
any particular point on a body 1is rc¢-
lated to the effective local angle of
attack at that point. Thils in turn
depends on the sum of laceral velocltiles

—_— - “

1nduced by the vortices at all points
on the same body, by the source dis-
tribution modelling thickness of the
second body (as 1n Section 2 in three
dimensions), and also (in contrast to
Section 2) by the vortex distribution
of the second body, which 1tself only
exlsts because of the presence of the
first body. Mathematically, this
complex Inter~relation implles that
the vortex strengths satisfy coupled
integral equations, and must be deter-
mined simultaneously.

The disturbance veloclty potential
due to the two bodies can be written

513

§1 dx{mj(x)log Aid—x55+yj!

- kL5

1
¢.__
2m 5

+y3(x) arctan ;%%;},(UO)

where my(x) 's the source strength and
v3(x) tge vortex strength generating
body J. The linearized boundary con-
dition to be satisfled on the (&) sur-
face of body 1 1s

Um ¢ = -ULT (x1) (u1)
yirto V!
ané that on body 2 is
1im ¢, = ~Uf" (x2) . (42)
y2+t0 z .
On subst’ ution of (#0) into (U1)
we obtain
L,
_Uft'(x) = +%m (x ) +L dxx_L(‘Xl.
1 1 - aith 1 X X1-%
-%¥L,
kL,
P dx | mp(x) s
27 2 Txz-x)24n2
}
~¥L,
X2-X
+y2 (%) T;;:;Tr;ﬁr] K“3)
and (42) gives %1,
+ !
0% (x2) = thmaCxa) + g | ax RX)
%L, -%L,

1 { n
+ E? J dx [nu(x) r;T:§TT:HT
-¥Ln X =%
+v1(x) T;:f;yf;ﬁf] (4h)

Subtracting the + and - parts of
(43) and (44) impiies that

S -
ms(xy) =2 «U — [_f (x4)=F3(x4)
J+ ) dxy JrAd VA ] (45}
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which 1s the usual prescription for
the source strength in terms of the
local slope of the thickness fy-fy of

the separate bodies. Thus the soubce
strengths are entirely determined. On
the other hand, on adding the + and -
parts, we obtain:

L, ) ¥L,
1 dx Y, 1 unys (x) gxi-x)
T X1=X my \X2=X)*+n
%L, © =¥L.
= g1(xy) (46)
and
5L, kL.

-
fo N
»

¥

2~

1%

=
~

ol

+

30
»
Z
+

3=
foN

%

~n

(9 4

™|~
»
o

-%L, -%L,
= g2(x,), (u7)
where
gi1(x1) = =0 g5 [£1(x2)4£7(x1))

¥L.

n dxmy (x)
+ T f r;;:;iriﬁr (48)

and

g2(X2) = ~U [£7(x2)+£7(x2)]

4
dx2
In

¥
n dxmy {x)
-;[ i, (49)
-%1,

In interpreting the above equations, we
must always keep in mind the relation
X,~x%, = &.

Since the source strengths my(x)
are known quantities, the functions
gJ(xj) appearing on the =ight of (46)
and (U47) are entirely kn. n. Each of
these functions, as defined in (48) and
(49) consists of the sum of two terms
The first contribugion is proportional
to the camber X%(f; + f£37) of the in-
dividual bodles and 1is independent of
thelr thickness. For example, this
enables computation of the 1ift on a
bl-plane wing, consisting of two zero-
thickness plates at an angle of attack.

Of more Interest in the present
context 1s the contribution to gj(xj)
from thickness effects, as represented
by the integrals involving my(x). If
the separate bodies possess lateral
symmetry and have parallel center
planes, the camber vanishes, but
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nevertheless there 1s still a non-zero
net lateral force and moment in general,
due to thickness-induced interaction
effects. This effect may be studie

by setting the camber portions of gj(xy)
to zero; any additional camber or angle
of attack may be computed separately and
added to the thickness effect subsequent-
ly. An alternative interpretation is
that the thickness of body 2 induces an
effective camber or angle of attack on
body 1 (measured by the term of g; in
m;), even if body 1 is 1itself uncamb-
ered.?

In any case, whatever 1s the cause
for existence of non-zero forcing terms,
equations (46), (U47) are mathematically
a pair of coupled singillar integral
equations. The kernels possess a
Cauchy or simple~pole type of singular-
ity and hence their solution 1s not
uniquely specified without further end
conditions, The degree of non-unique-
ness 1s equlvalent to two arbitrary
constants, associated with two linearly-
independent solqti ns of the homogeneous
problem with g,=¢,=0, and physically
analogous to the circulation around
each body.

These arbltrary constants are to
be determined by supplying Kutta condi-
tions at each trailing edge, of the form

vy(-¥Ly) = 0, § = 1,2. (50)

Physically, this arises from the fact
that vyj(x ) 1is proportional to the
loading or pressure Jump across the
body center plane, which must vanilsh
at the tralling edge. For example,
from (40), the jump in the tangential
disturbance velocilty across body 1 is
given by

bu = ¢, (x1,04)-0, (x1,00)==v1(x1),

(51)

and hence the Jump In pressure is

Ap = pUAu = -pUyi(x1), (52)

as stated above. The net y-directed

force on body 1 is
¥,
Y = - | Apdx,

5L,
= pU { yi(xi1)dax, , (53)

-¥L,

2 A further consequence, exploited by
Lin in work to be presented at this
Symposium on unstaggered (£=0) catamanr-
ans, 1s that for glven thickness dis-
tributions my, there always exlst camber
distributions fi+r3 which make g§=0, and
hence allow solutions wilth y3=0.
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and the net moment about the 2z-axis is

¥L
N = pU

1
x1v1({x)dx,, {54)

-¥In

A partlcular case of 1nterest 1is
that of identical bodles, in which
Li=Le=L and m(x)=ng(xj=m(x). If we
consider only the uncambered case, then

g1(x1) = g'(x2) = g'(x.14), (55)
and
g2(x2) = -8 (x1) = =g'(x29,  (56)
where
¥L
=N m(x)
g'(xy) = 5 f A ETERLLD
~-¥L
¥L
2Un dxf '(x)
ST Two Xy-x)2¥n? , (57)
-%L
and f(x) 1s the half-thickness of the

identical bodies. The coupled integ-
ral equations (46), (47) can now be
written in the form

1 (Paxy (0, 1 Faxya (0 (xg+E=x)
™ Xo=X m (xo+5-ﬂ7+n1‘
-%L -¥L
= g'(xo%E)
L
1 ¥ axy (XD (Xo-E-x) , 1 %dexz(x)
m (xg-&~x)T+n* ™ Xo~X
-%L -%L

= -g'(xo-E), (58)

where X%, 1s now used in place of x;

in the first equatlon, and of x; in
the second. We proceed to solve (58)
numerically; the procedure for the
case of non-ldentical bodies is only
slightly more complicated.

Numerical Procedure

Our procedure for solving the
integral equations (58) is a quite
Girect one, involving replacement of
integration by summation, and invers-
ion of a matrix. However, it is
necessary to be a little careful about
this process, and in particular one
cannot expect 1t to succeed if applied
to equations (58) as they stand. This
18 because of the n~ -uniqueness of the
solutions to (58) in the absence of the
Kutta condition. The fact that the
homogeneous equations with g'(x,)=0
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possess two linearly independent eigen-
solutions implies that any matri: ob-
tained by approximation of the 1lncegrals
will be singular, indeed having a rank

2 less than its order. Although one
can still make progrecs using "pseudo-
inverses", a simpler procedure is to
perform first an indefinite integration
of the singular Integral equatlons, giv-
ing the only~-logarithmically-slngular
pair

E i

L 1 L

[ dxy,{x)log| xe~x|+ T I dxyz (x)
4L kL
1og/THoFE-X)ZFNT = g(xc+E) + Cy, (59)
1 (¥L

7 dxy1(x)logV{Xo-E-X)Z+n2

-X¥L
1 (¥L
+ T [ dxvyz (x)log|xe=x| = -g(xe~£) + Ca,
-L (60)
where g(xo)' is any indefinite integral
of g'(xe) and ¢C,,C2 are arbitrary

constants of integration. A sultable

integral of (57) 1is

¥L
g(xg) = %g I dxf'(x) arctan <x°2x>.

-%L (61)

Integral equatlions with logarith-
mic kernels possess unique solutions,
80 that a numerical treatment of (59),
(60) presents no difficultiles. The
non-uniqueness of the criginal problem
(58) re-asserts itself in the form of
the arbltrary constants C,,C,, which
are ultimately det:rmined by the Kutta
condition.

To set up a numerical solution, we
suppose that the unknowns vy;(x), ya2(x)
can be represented by step functions on
the interval (-%L,%¥L), the values on
the Jth interval =xj,< x < X be~
ing ylj,xzj respectlvely. he mesh

of end points {x3} can be arbitrary,
but in antlcipation of a square-root
singularity at the ends |x| = ¥L, we
set

xy = -¥L cos(J %), §=20,1,2,...,N,

(62)

which provides exactly the right in-
crease in density of points near the
ends to counter this singularity.

it vi1,2
we have

Thus
are repla-=d by step functions

S
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N X3
L3 dx log|=xe-x|
T oy=1 J
X3t
N *3
+ L S Y dx log/{Xe+E-x)Z¥n2
L J
XJ.|
s g(xe+E)+C, )
(63)
and
1 N xJ
- b Y‘J [ dx 1oglixo—E-x5’+n’
=1
X 3~
1N X
+ ;Jgi Ya [ dx log|xe-x|

XJ-|

= ~g(xo=E)+C2 . (64)
The integrals in (63), (64) may be
carried out analytically, and on
setting x¢®xy where x3 1s a polint
near the center of the 1th 1interval,
specifically

X3 = -%L cos{(i-¥)m/N]. (65)

we have

(Ainxj*BisYzJ) = g11+Cy
1

(BiyyigtAsyyay) = 2214C2
(66)

and

L L
LRV 4
~

where

1 _ _ x
Ayy = = —(xi-x)loglxi-xl—x]
T X34 ?

(67)

Bif = -11;[-(Eizs-x)logv'(iize-x)‘+n’

x
+n arctan :TIL——— -X !
XitE=-x X3t

(68)
(69)

(70)

g11 = g(x1+g) ,
g21 = -g{xi-E).

This set of equations can be written
in terms of a (2Nx2N) composite matrix

49

+
A B
Bij AiJ v
and 2N-vectors
R
y= (72)
N LY2d
—gliﬁ
g - , (73)
L 821 ]
™
e(1) - } , (74)
” L 0 .
™0
e(2) = ] . (75)
~ 1
as
é-! a g + C‘g(l) + ng(a)- (76)

Equation (74) is interled to imply that
the first N elements of ell) are
unity, and the last N are”zero.

The solution of (76) is obtalned
using a standard matrix-inversion sub-
routine, with the three right-hand sldes
g, e(l), e(2), and can be written

Yy = !(0) + 01!(1) + 021(2) v (1

where y(°) = g 'g 1s the solution
with g as right-hand side,and
y(k) = A“‘g(k) with g(k) on the right,

k = 1,2, In this manner we have de-
termined a numerical appvoximation to
the general solution to the pair of
singular integral equations (58), with
Ci1,C2 as arbltrary constants.

The constants C,, C; are now
determined by the Kutta conditions (S0).
A c¢rude but effective numerical pro-
cedure is simply to force +v,(x) and

v2(x) to vanish on the tralling ele-
ment J=1,. This requires therefore
that

(Y = (Yye1 =0, (18)
or

Cl(!(l))l + 02(1(2))1 - _(I(O))‘
(79)

and

RSN
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Cl(!(l))u+1 + C’(I(e))u+1 = _(!(o))

N+1?
(80)

since the 1lst element of the composite
vector y 1s the tralling-edge value
of Yy, %nd the (N+1)th element of vy
is the tralling-edge value of vya2. -
The gair of simultaneous equations
(79,80, are readily solved for C,, Ca,
and the solution (77) for y 13 now
complete. In fact the valles of all 6
computed numbers in (79,80) are large,
("approximations of infinity",) be-
cause of the square-root singularity in
the general solution at both ends of
both bodies. Nevertheless, satisfac-
tion of the equations (79,80) serves to
cancel out the tralling-~edge singular-
ity in the final particular solution,
leaving a vanishing loading, as re-
quired.

Computed Results and Discussion

The above numerical procedure can
now be used for identical bodles of
arbitrary thickness 2f(x). However,
to simplify the present preliminary
computation we have used an extremely
idealized "rectangular-box" representa-
tion of the thickness, namely

£(x) -{g : {j‘({ N A (81)

where b 18 the half-beam. Thus
£'(x) 4n (61) is a sum of 6-functions
at the ends x = t¥L, and ve have

g(x) = 20 [arctan —"
" + x

+ apctan —0—1]
3%

(82)

Although for most purposes (81) 1s
a quite unrealistic model of a ship or
wing profile, the only effect of thick-
ness in the present problem is to in-
duce an effective camber g(x), which
then influences the loading vy(x) via
the integral equation (58). The test
then is not whether (81) 1s a realistio
thickness model, but rather whether (82)
is a realistic effective-camber model,
and this seems to be the case.

nc-

Experimental results were in fact
obtained by Oltmann (5) for elliptir-
sectioned bodles with beam,/length =
0.125. In Figures 7,8 we compare our
computed results for the net force and
moment (equatlons (53,54)) with
Oltmann's experiments. We have no
right to expect close agreement; since
the two body shapes are not the same.

Nevertheless, our theory does
appear to give excellent qualitative

and fair quantitative agreement with
the experimental points. It 1s most
likely that the agreement would be
improved by a morz2 accurate representa-
tion than (81) of the elliptic section
shape, and this is ieft for future work.
An indication that this might be so is
that the negative (1.e. repulsive) peak
on the force curve (Figure 7) occurs
experimentally at a lower value (1.5)
of the stagger §/4L than on the
theoretical curve (&/%¥L = 1.8). This
is consistent with the observation that
such repulsive forces are due to inter=-
actions between the ends of the bodies,
and are therefore likely to occur near-
er to the"bow-to-stem" configuration
(¢/%L = 2.0) for a very blunt body
3uch as given by (81) than for a less-~
blunt body such as that tested by
Oltmann.

A very significant qualitative
aspect tc these results 1s that there
is very much less force and moment on
the following body than on the leading
body, in staggered configurations with
|E/%¥L] > 1. The physical reason for
this phenomenon 1s that the following
body obtains the benefit of moving in
the smooth flow fleld detaching from
the trailing end of the body in front
of it. On the other hand, the leader
has to contend with large streamline
curvatures induced near its tralling-
edge by the leading edge of the follow-
ing body. There 1s of course some
doubt about the smoothness of the
tralling-edge flow in the experimental
situation with elliptic sections, but
nevertheless the experimental points
dc seem to support the above conclusion.

This asymmetry 18 the feature of
the present theory which contrasts it
most dramatically with the numerical
computation of Coltatz (3), in which
circulation about the bodies is ignored,
and the Kutta condition at the trailing
edges 1s not imposed. Inevitably,
this leads to a prediction for the force
which 1s symmetric with respect to
stagger, and the moment 1s anti-
symmetric. Thus the leading and foll=-
owing bodles are predicted by Collatz
to be subject to the same magnitude of
force and moment.

In addition, of course, Flgure 7
indicates that the Collatz approach
grossly underestimates the force,
whereas the present theory is in fair
agreement with experiment. This 1s not
surprising, since che net circulation 1s
a substantial contributor to the net
force on the body. In our thin-wing
approach 1t 1s the only such contribut-
or; however, Collatz's compuf;ations
are for thick elliptic sectlioas, and he
does obtain a non-zero, though small,
force even without taking account of
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Fig. 7. Theoretical and experimental sway force on each of two identical two-
dimensional bodies in steady motion, at a separation distance n=0.625(¥L).
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circulation. On the other hand, Coll-
atz obtalns a reasonable prediction of
the moment in Figure 8, presumably
because net circulation is of less
significance for the moment than for
the force.

The effect of varying the lateral
separation n 1s illustrated in Filgures
9 and 10. It 1s to be noted that for
:large separation the force 1ls asymptot-
1cally antisymmetrical about the point
E=XL, or the point where the three-
quarter-chord position of body 1 is
abeam of the mid-station of body 2.
This result can be explained by néting
that if n 1is large compared to the
chord length and stagger, the leading-
order lateral flow at body 1 1s due
to the vortex distribution of body 1,
and the source dlstribution of bedy 2,
the effect af the body-2 vortlces being
negligible. Moreover, for n large
compared to the chord, the thickness-
induced streamlines from body 2,as
measured at body l,can be approximated
locally by parabolic arcs, and thus
the loading on body 1 is equivalent
to that on a parabolice.cambered foll,
But the 1lift on a parabolic-cambered
foil 18 proportional to the local
angle of attack at the three-quarter-
chord poilnt, and thus in the present
case to the lateral flow induced by
body 2 at the three-quarter-chord
noint of body 1. From the longitudinal
symmetry of body 2, this vanishes when
x2*0, and hence for large separations
there 1s no lateral force on either body
when its three-quarter-chord position
is abeam of the other body's mid-chord
position.

Interaction between two-dimensional thin
bodles In each other's near field

As in the analogous development
of Secticn 2, the theory developed
above for two-dimenslonal flows may be
complemented by one 1in which the lateral
separation v 1is 0(e), or comparable
to the body thickness. For the two-
dimensional flows considered in this
Section, the complementary theory 1is
almost trivial.

We begin with the assumptlon that
body 1 1s ahead, that there is some
overlap, 1.e. £ < ¥(L;+L;), &and that
tre width of the overlap reglion separ-
ating the two bodles 1s small compared
to its length. Indeed, from Figure 1
it i3 obvious that the local clearance
between the two bodles 1is

n - f1(xy) + £3(x2) = 0(e), (83)

whereas the length #4L,+¥L:-f£ of this
overlap region is 0(1). In such a
thin region the flow will be one-
dimensional, to leading order in ¢,
with a veloclty

52

= -Q/[n-f1(x;) * £3(x2)] (84)

where Q 18 the total flux passing
through this region. Note that in
this inner region the variation of
wildth is of the same order as the width
itself, and thus the change in veloclty
along the reglon is a first-order quan-
tity.

¢

X1

SN

The remainder of the fluld domain
is treated as an outer region, to be
matched to the inner reglon at the
two openings x,= -¥L,, Xxa2= ¥Lj. In
the outier region, the flow past the two
thin bodies 1s simply the free stream
veloclty =U, together with a small
0(e) perturbation. Thus, to leading
order, the matching of the inner and
outer solutions can be carriled out ¢
simply by equating the free-stream
veloclty to the inner-reglon flow, at
the two entrances, without solving for
the 0(e) outer perturbation.

In general, however, simultaneous
matching at both entrances to the
inner reglon is impossible, since (84)
will take different values at these
two ends. The appropriate end at which
to carry out the matching process 1s the
trailing edge of body 1, where the Kutta
condition implies continuity of pressure
and hence of the inner and outer veloc-
ities. At the leading edge, 1n gener-
al, there will be a source-like singu-
larity the strength of which 1s 0(e),
and which need not be consldered in
this leadin%-order analysis. Thus ,
matching (8l4) to the free stream at the
tralling edge, it follows that

Q » Uln+fz(E~¥L1)] (85)

and hence the inner flow 1s determined.
The corresponding pressure in the inner
reglon 1is
p = =¥0{¢x)-U%) .
= &pU’{l-[: - Yl*fz(%-ﬂ-u) 1 }
n-f1(x1)+f2(x1+E)

(86)

and this may be integrated to find the
interaction force Y and moment N.

Of particular interest, for com-
parison with the "outer theory" devel-
oped earlier in this sectlion, 18 the
"outer approximation >f the inner
theery"”, or the limiting form of Y and
N as the separation dlstance increases
(to infinity, by comparison to € but
nevertheless small compared to Li.
The appropriate limits are

el o 3 et e R A . 1t e Al

EEAE

%

ERSCPRANER.

MR A0 2k S NPt o

et B e e AT - el o s A

5.3

-5,



e .. & -

- A TR TN T A s (e 1w
—r

g

¢

|

§

¥
. §, :
| ‘ “IX
; ; .
R ! H
3 1 /0"'\
A
P :
!
i ,
A
i
i
i . !
Lo ! :
& :
H , . i
: . ‘

. 1
. 1}

<20

/3L =20

10 -mccnmm-

0_ 5 g ¢ -2.0..
05 (ASYMPTOTIC) e = 0 comms
-3-0

»

} Fig. 9. Theoretical sway force on two-dimensional bodies for various separation
dista?ceg. Dotted curve shows small-separation asymptote, evaluated at
n=0.5(%L).

W T R TR T T R N e e

2
>

C
~N
o
r
~

14

b 0 { I

-30 I

' H

'

10 cvmcacan . I :‘ A

0'5 ——e——ea— -6 i I

0 5 (ASYMPTOTIC ) e ne emen § | a

-15 Ll

| ,%‘
i A B
! : Fig. 10. Theoretical yaw moment on twu~dimensicnal bodles for various separation A
distances. Dotted curve shows small-separation asymptote, evaluated at ;

n=0.5(¥L). l L

|

‘ 568 'g
i

‘ [
| .] ;
S — .

"..

: N At . > L
L E . Ly Lok . . Vo S N A ot S
[ R o PPN WACTE NN 6. RN © L *.L-..u PR SEERARE U UL TR RSP P T RPN UL UL AR VRN T T NI TR SEPREL T O i 4 dlalilr?




5

1
3
"
e

T N W TR AT ST I e

DT S

e e Y T

e e e

T R U SRR O WSS

¥Lp-§
g}. egl Pt (x1) =13 (x 1 +E)

1
+£5(E-HLy)) <Xl>dx|-

(87)

Thus, for € << n << L, the force and
moment are inversely proportional to n.
Equation (87) can also be obtained by
an asvimptotic solution as n+0 of the
integral equation (U46),(47). Thus

the large-n approximation of the
n=0(e) theory matches with the small-n
approximation of the n=0(1) theory,
and these two complementary theories
are consistent.

Equation (87) above is closely
related to the study carried out by
Widnall and Barrows (14), of a thin
cambered wing in ground-effect.

Those authors also used a matching
procedure, and considered the effects
of camber, but not of thickness, and
assumed that the camber was small com-~
pared to the ¢clearance parameter.

Compuf,ations based on the present
results are particularly easy to carry
out, especially the last result (87)
which states in effect that the local
interaction force 1is proportional to
the sum of the local widths of the two
hodies, minus the width of body 2 at
the position opposite the tralling edge
of body 1. This force 1s obviously
an increasing function of body full-
ness, and is a maximum if the two
bodies have the rectangular thickness
distributions (81). Indeed, 1t 1is
interesting to compare this theory, for
that body shape, with the computations
shown in Figures 7-1C, in spite of the
fact that a rectangular thickness dis-
tribution is particularly severe for
the present inner theory. One obtains
in this case for the force a diamond-
shaped curve, symmetrical about §=0,
having a peak value of Y/pUlb = L/n
at &=0, and vanishing when the over-
lap ce.ses at EwiL, For n=t L this
is shown by the dotted line in Figure 9,
and even for this relatively-large spac-
ing, and extreme body form, the results
agree falrly well with the outer theory
for negative values of §, but rather
poorly for positive values of the
stagger distance, On the other hand
the moment will be a pair of anti-
symmetrical parabtolas, which are shown
in PFigure 10 for the same separation,
and the agreement here 1s better,

Yhile a similar comparison should be
carried out for streamlined bodies, it
seems likely that the agreement will

be improved in this case and thus that
the very simple formula (87) can be used

in practice to compute the interaction
force and moment for the separation dils-
tances of practical importance, in prob-
lems where the two-dimensiocr il assump-
tions of this Section are valid.

*, INTERACTIONS BETWEEN SHIPS IN
SHALLOW WATER

Ships in each other's far field

The only case for which the two-
dimensional analysis of Section 3 can
be applied directly to ships 1ls when
the ships are wall-sided and are moving
in water 30 shallow that the clearance
between the ships' bottom and the bott-
om of the water can be neglected. In
this case, providing free surface eff-
ects are negligible, l.e. for sufficient-
ly small Froude numbers based on water
depth h, the flow is truly two-
dimensional everywhere.

However, it is well known (e.g.
Tuck (8)) that in shallow water the
flow is asymptotically two-dimensional,
even when the clearance is not neglig-
ible compared to h, providing we are
not too close to the ship. The gener-
al effect of a single ship with section
area S;(x1) moving with speed U, 1n
shallow water is to push the water
aslde symmetrically, the apparent veloc~
ity in the y, -direction at which this
pushing-aside takes place being of mag-
nitude U,;Si(x,}/4h. Note that S,(x;)
is the double-body section area, the
double body being situated in a "double-
body" of water of total depth 2h.

If there 1s any disturbing influ-
ence which is unsymmetrical with re-
spect to the center plane of ship 1,
such as another ship, and the clearance
is not zero, there 18 a possibility of
a laterally-unsymmetric component to
the flow near the first ship, and the
resulting inner flow near this ship is
quite complicated. What concerns us
here, however, 1s only the "intermediate"
approximation to the flow, l.e. the
flow at a lateral distance n which is
large compared with the beam but still
small compared with the length of ship 1.

In the intermediate region, it i»s
clear that we can write for the lateral
velocity

g%. - - %t S1(x,)s8n y1+V (x1,t),

1

{88)

where the first term measures the lat-
erally-symmetric flow due to body 1l's
thickness, and V 1s the (unknown)
apparent cross-flow velocity. On
intograting (88) with respect to y; we
can write
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- - %ﬁ ST(xa)|yal+ea(x1,8)4V (x3,t)
(yatCi(xy)),
(89)

where &,(x,,t) 1s an unknown "con-
stant" of integration, and C,(x;) a
(known) blockage ccefficient ch.
Tuck and Taylor (15)).

The above discussion applies
only to the case when any disturbing
influence is far from ship 1, so
that the blockage coefficient (C, is
that for ship 1 alone. A similar
intermediate expansion applies near
ahip 2, 1f that disturbing influence
is indeed another ship. The above
is the intermediate approximation for
the general unsteady case. We now
use it as an effective boundary con-
dition for the outer problem, but con-
f*‘ne attention to the steady case, to
avold the complication of an unsteady
wake .,

We shall attempt to use the
same source-vortex representation (40)
for the disturbance poten. ial in the
far fleld, as w2 did when the oclear-
ance was gero. But now, inatead of
simply satisfying a boundary condition
such as (41) on the center plane of
the thin two-dimenslional bodies, we
must determine the source and vortex
strengths by matching with the near
flield in the intermediate region where
(89) 1s valid.

Now from (U40), as y1+0,, we
have

e+( 026 )+y (V 2V )40(3D), (90)
where V iV; 1is given by the right-hand-
side of (43) and i

x

¢, = & vi{x)dx. (91)

~¥La ’

We have no need for the symmetric part
®s oOf the value of ¢ at y,=0, which
doea, however, match with the corres-
ponding term in (89).

Thus equation (90) matches with
(89) 1r

Vi o= i 8tx,) (92)

and
= v Cie» (93)

Thus (92) and (43) imply immed-
lately that the source strength 1s given
by

m(x1) = - 3 Si(x1),  (94)

a straight-forward generalization of (45).

Similarly, using (43) for V , equation
(93) implies
x ¥L
1 ' I U L SN ¢ 3]
20y(X vi(x)dx 2w ax X1-X
-¥Ly -&L,

+ !}F fnax[m.(x) (mﬁhr)
-¥L, + Y’<X)(.ﬁt;—§)‘5-f+_rn)]'

(95)

A similar analysis of the behavior
of ¢ for small yx 1leads to a corres-
ponding expression to (94) for my(x;)
and a relationship analoguus to (95)
involving on the left the blockage co-
efficient Cy(x2) of ship 2 and an
indefinite integral of ys(x2). Fine
ally, substituting the now-known source
distributions m;%x;) me(xs) 1into the
relations of type (955, we obtain the-
coupled singular integral equations:

¥, _L_%_—}

1 1 H(x;-x

;i dXYl(X)[x,-x T T (x ]
-kL,

) ¥l X3-X '
*3 [ emo [ tit] - sioo

-%L, (96)
and
¥L,
1 X3-X
;l a0t |
- Ll
1
"

L
+ 32 ztlzt\rz(:t)l:ml_x - %] = g2(xy)

-¥La (97)

where gi(x)), gi(xs) are still given
by (48), but without the camber terms
and with m; given by (94), etoc. H(x)
is the Heavislde step-function, equal to
zero for negative argument and one for
positive argument.

The only difference between the pailr
of equations (96), (97) and the pair (47),
(48) 1is the presence of the terms in C,,
Cs. There should be little additional
numerical difficulty in including these
extra terms in the kernel of the integ-
ral equations, although this is left for

o




PP

el e

g8

future work. We mereliy note that the
limit C;,Ca + » corresponds to the
fully-blocked case, or zero clearance,
and the two-dimensional results are
retrieved.

Ships in Each Other's Near Field

If the two ships are sufficlently
close to each other, the previous
analysils breaks down, since the approp-
riaste inner expansion 1s one which in-
c¢ludes both ships., At any section
the flow picture is as in Figure 11, in
which there 1s a total flux

m= -U3{(x;)=UzS1(x2) (98)

produced by the changing secticnal

areas of the two ships, and (in contrast
to the situation of the previous sub-
section) this flux need not split evenly
as it 18 pushed to y¢/e = e, How-
ever, the extent to which the flux

does not split evenly can be deacribed
in terms of a lateral flow past both
ship sections, as if held fixed,.

If ¢o denotes the velocity
potential for a cross flow of unit mag-
nitude in the yo direction about the
two fixed sections, we have

¢0 *> Yo + C sgn y, (99)

as  ye/e + te, The blockage coefflc-
lent C may be taken as known. or

Fig.ll. Sketch of inner flow near two
closely-spaced moving body sections
in shallow water.
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Fig.12. Sketch of inner flow for stream-
ing motion past two closely-spaced
body sectlons in shallow water,
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numerically computable, for every giv-
en relative position of the two ship
sections. The flow assoclated with
¢o 1ls sketched in PFigure 12.

In order to specify a unique inner
problem, let us suppose that we compute
first a partiocular potential ¢, due
to the moving ships, in which the net
flux m doesa split evenly at infinity,
80 that as yu/¢ + te,

¢r > g5 Clyel + D sgn yol.  (200)

This particular solution satisfiles the
appropriate inhomogeneous boundary con-
dition on the two hull sections, glving
the net flux m as in (98). The
quantity D is, like the blockage co-
efficient C, a unique numerically-
computable number for every geometrical
configuration of the two ship sections.
Unfortunately, unlike ¢, it does also
require information about the longitud-
inal rate of change of the shape of the
bodles, which enters via the body bound-
ary conditions.

The "general solution" for the com-
plete inner potential ¢ must be a
combination of the "symmetric" particu-~
lar solution ¢; and an arbitrary mult-
iple of the "antisymmetric" potential
$o, together with an additive "con-
stant" independent of the lateral co-
ordinates, 1.e.

b = pr1+V(xg,t)o+L(xo,t) (101)

where V 18, as in the previous sub-
section, the apparent lateral veloclty
in the intermediate region, and f 1s
an arbitrary constant in the cross-

flow plane, related to the longitudin:l
velocity. Both V and f are at the
present stage arbltrary and muat be de~
termined by matching with the far fleld.
Note that, since 23¢4/9n = 0 on the body
sections, ¢ satisfles the same body
boundary condition as ¢,.

The intermediate expansion of {(101)
gives, as y/¢ + to,

¢ > gR(1¥o|+D sgn yo)4V(yo+C sgn yo)+f,

(102)
which can be split into an even part

Seven ™ ﬁ% lyol ¢+ ¢ (103)
and an odd part
$oaa = Ve + ¥id.s8n v,
(o)
A¢ = 2VC + mD/2h. (105)

where

When we turn to the ovuter expansion,
in which the region ocoupied by both
ships has shrunk to the plane y,=0, we

N
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find that we are faced with solution
of a pair of classical two~dimensional
thin-airfoil problems. The even part
deven Of the intermediate potential
provides the inner boundary condition
for a non-1lifting thickness problem,
the combined effect of the two ships
beirg equivalent to that of a single
airfoil of thickness proportional to
m, and hence to a linear combination
of the section-arca slopes of the two
ships.

On the other hand, the odd portion
¢o0da generates a lifting-surface or
camber problem, in which V 18 pro-
portional to the effective camber.

But the potential jump, or leading
must be given by (105), a formula
which also includes V as its only
unknown. If one svaluates the load-
ing using standard (unsteady) thin
airfoil theory, one therefore obtains
an integral equation for V, the
solution of which completes the problem.
For the steady case, this integral
equation is similar to that given by
Newman (16).

This sub-see¢tlon has provided a
very brief and incomplete outline of a
procedure for solving a very difficult
problem. The complete problem has
been reduced to a number of separate
canonical, but still difficult tasks.
In the first place one must solve
(separately for every value of Xxg
and time t) a pair of two-
dimensional boundary-value problems in
the (yo.Ze) plane to determine the
coefficients ¢C,D, which are char-
acteristic properties of the comblned
geometry of the two shlp sections.
Then one must use these coefficients,
which vary from section to section, as
inputs to a singular integral equatilon
which results from application of un-
steady airfoll theory in the (Xo,¥o)
plane. Clearly, much more work needs
to be done before one could have any
hope of a practical solution to this
problem.
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DISCUSSION

M. SCHMIECHEN

The fact that forces due to circulation are omi*ted in
Dr. Collatz’s theory (1) may be duduced from very aimple
relative motion considerations. Thir has been discussed
together with tha consequences for pessing and overtaking
ships in my contribution (2) to Dr. Collaty's paper. As far
a8 [ remember consequently in the final titie of his thesis
Dr. Coliats did no longer refer to ships but vather to ellip-
tical cylinders. 3ome more references to the ciiative
motion concept may be found in the contribution to Dx.
Dand’s paper presented later a¢ this Symposium.

(1) Collatz, G.: Potentisltheoretische Untersuchung der
hydrodynamischen Wechselwirkungen
gweier Schiffakorper. STG 57(1968) S.
281/329.

(2) Schmiechen, M.: Contribution to (1) STG 57 (1.963)
8. 368.

LW. DAND

In this important paper the authors have tackled, and
apparently largely solved, the difficult preblem of inter-
action between ships in deep and shallow water. Agree-
ment between theory and experiment has been significantly
improved and the authore have shown the importance of
including circulation in the final shallow water forces and
moments. The insight gained by the authors’ approach
is valuable for the general practitioner.

It is unfortunate that so little published experimenta!
data exists on two-ship interaction. However the writer
notes that the authors do not refer to some shallow water
interaction and bank effect data given in NSRDC report
1705 (August 1984) by C. G, Moody. It is perhapsa to be
regretted that for the case of shallow water interaction, the
hull shape which has received the most theoretical and
experimental attention should have been the ellipse with
possibly separated flow near the stem. It would Yherefore
be of some interest to see how the authors comnputed
shallow water forces and moments compare with measure-
ments on ship-shaped hull forms in shallow water.

Regarding the authors' deep water results, qualitative
sgreement between theory and experiment for the sway
force is good, but the same cannot be xiid for the yaw
moments shown in Fig. 3. A feature, important from the
point of view of ship safety, is the ‘bow inwards’ moment
muasured on ship B when it is Setween 400 and 600 feet
ahead of ship A. This indicates that ship B tends to cut
across the bows of ship A — a particularly hazardous ten-
dency which could give rise to a collision. Such behavior
has alco been observed when one model was made to
overtake another in some expariments made recently ajy #*
NYL. It appears that the authors’ calculations do n
predict this behavior and neither do they predict the
strong ‘bow outwards’ moment at zero stagger indicated by
the model measurements. Can the authors explain these
discrepancies?

Finally an importan, of interaction exists where
one ship is much \ the other and is operuting in
comparatively water whereas the smaller ship

approaching it is in comparatively deep water. Can the
suthors theory encompase such a situation?

L.L. MARTIN

The authors have stressed that this is basically a
potential flow problem and have neglected wavemaking
effects. Nowtons data for KGV and OLNA used by the
authors was the average of a large number of experimen’s
over a range of speeds and wave effects, so far as pomible,
have been smoothed out. Such measurements have not
been made very frequently at AEW but I would like to
show two other aimilar sets of unpublished data, Figures
2 and 8. These alsu have been smoothed out to eliminate
as far as possible wave effects. (As it is necessary to
publish this data in non-dimensional form, Figure 1 is a
repeat of tha KGV & OLNA data non-dimensionalized in
the same way for case of comparison). Whilst in gcneral
the shapes of the {orce and moment curves are similar to
KGV and OLNA they both have a curious feature -- the
force on the larger vemel (vessel A in each nase) is always
repulsive, even when abreast. Except for a small range
of separation near the abreast position the moment is also
always bow inwards. This hus naturally been ascribed to
wave effects in the gap between the two ships, but it
aftects only the larger ship and if it is a wave effect must be
of a similar magnicude to the forces considered by d
authors. Apart from the large ratio of displace! one
case, the proportions of the ships as shown by the
various geometric ratios in the table are not too far
removed from KGV and OLNA. I would be pieased to
hear comments on these additional data and suggestions as
to why similar results wcre not obtained for KGV and
OLNA.

Table of Geometric Ratios
of the Ships
Figuro Nugfiver 1| 3

Ship A 1.91 | 1.54
of Ship B .

Displacement of Ship Ar- 1.87 | 8.61
Displacement of Ship. B

0.285] 0.265

Separation, beam to beam 1.87 | 1.94

F node number based on | g4 0.24
mean length
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SHEN WANG

FOREWORD

The work referred to in the paper was a
part of my contribution dealing with the hydro-
dynamic interactions induced by passing ships
on a moored tanker, prepared for the Port of
Long Beach, lLong Beach, California, October
1972. In that study, the surgeforce as well
as the sway force and the yaw movement was
examined. The results should be of interest
to harbor engineers and can be useful for
mooring line loading estimations. Presented
in the following is a brief discussion of our
approach as well as the computed results,
which we feel should be complimentary to the
present paper (referred as (I) in the dis-
cussion following).

FORMULATION

We are concerned with the interaction
forces and moment indu-ed by a passing ship
on a moored vessel. The passing ship is
assumed to move at a constant speed along a
path parallel to the centerline of the moored
vessel. Both ships are assumed slender but
may be of different forms. The body slen-
derness is implied by that both beam and
draft are smnall as compared to the ship's
length. The lateral separation of the two
ships, however, is assumed large as com-
pared to their beams.

Only deep fluid is considered in this
analysis. The fluid is assumed incompres-
sible and inviscid, the flow being irrotational,
It is also assumed that the Froude number of
the moving ship is so small that the fluid
surface may be treated as a rigid boundary
and the free surface effect can be ignored.
This assumption is justified for the case of
passing moored ships as the passing speed
is generally very low especially inside a
harbor near the berthing area. As a result
of this assumption, the method of image may
be applied so that the problern may be con-
sidered as that of two double ships, the two
siender ship hulls plus their images in the
free surface, in an unbounded fluid.

In order to be consistant with the coox-
dinate systems defined in (I}, tFe body
coordinate (xj, yy, 2] ) is fixed in the
moored ship, and (x3., y; , ZZ) is fixed in
the passing ship moving with a constant
apeed UZ' Since we are interested in the
induced exciting forces on the moored ship,
we assume the body axes 1 to be stationary
so that Uj = 0. The two ships are separ-
ated by a lateral distance 7, whichis a
constant, and a fore-and-aft distance g,
which is a function of time t. As shown in
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Figure A (same as Figure 1 of (I)), the fore-
and-aft distance & (t) is positive when
body 2 is astern of bodyl. In the following
we shall use ship 1 and ship 2 to refer to
the moored ship and the passing ship,
respectively, and use body 1 and body 2 to
refer to the two double-body forms.

Ly

Figure A - Coordinate Systems

In ideal flcid, there exists a velocity
potential ¢ which satisfies the following
boundary conditions:

f—l;?;— =0 on body 1 (1)
3

3¢ . U, on body 2 (2)

anz an

where n) and n, arethe unit normai
vectors on the body surfaces 1 and 2,
respectively. In determining the total
velocity potential # , we shall first
consider that due to the moving body 2. IL.et
S, {x2) be the cross sectional area curve of
the moving ship. (2 Sz (x2) for the double-
body form. A factor of 2 should be realized
if compari \g with the definition of S3 (x3) in
(I).) For a slender body in a uniform axial
stream velocity -U; relative to the body
axes, a distribution of doublets oriented
parallel to the longitudinal axis can be
approximated by:

Hp(xg) = == 5, (x) Uy (3)
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To the leading order approximation of
aslender body theory the boundary condition
(2) is satisfied with the above distribution.
The velocity potential written in the fixed
reference frame (x, y, z), -which is
identical to (xy, vy, 2] }, is therefore:

¢z (X, Y, &, g) =

__'_J_z S ,(x,) (x.x2+€)dx2 @
[ Tix-xp+8)%+(y - n& +22] 7%
2

On the body axis yj = zy = 0 there
exists a stream field induced by @,;
assuming S3 (x3) = 0 at the body ends, the
velocity components of the induced stream
are obtainkd:

Ulxp, 8) = 292 (xy, 0, 0, )

d3x
:UZ S5 (%) (%, -x; - 8)dx, 5
2 ) (xg-ny- 202 + n2 372
2

]
Vi, 8) = 222 (%1, 0, 0, €)

3y
_Ugn S$3 (%3) dxp 6)
zm [(xp- x)- )%+ n?]3/2 (
L2

where U represents an axial velocity com-
ponent and V a cross-flow velocity com-
ponent brought about due to the presence of
the passing ship 2, and SZ (x;) stands for
3 5(x3)/3x,. Equation (6) agrees with
Equation (10) of (I), in which V is written
in the moving reference frame of body 2,
however.

Because of the existence of the induced
stream on body axis 1, there must be an
interaction potential ®;; such that the
boundary condition (1) is satisfied. We shall
assume the double-body form of ship 1
axisymmetrical; nevertheless, we should
note that the results which we shall show
may virtually apply for arbitrary slender
ships. Since the stream velocity components
U and V have been determined as given in
(5) and (6), the singularity distribution on
the centerline of body 1 can again be
approximated from slender body theory;
they are:

i (X0 %) = =l S[(x) Ulxp, &) (7)

Mg (xp 8) = —— 8, () Vixy, &) (8)

Cancoe s b s i U s ik sk Gl
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distributions of doublets parallel to xy -
and y,- axes, respectively.

At this point one may straightforwardly
determine the . elocity potential (2512 and
substitute it with ¢, into the unsteady
Bernoulli equation to obtain pressure dis-
tributiona and then the acting forces can be
calculated by carrying integration of the
pressure over the surface as outlined in
Section 2 of (I), As the authors of {I)
indicated, however, this pressure integral
would be complicated to work out directly,
so they instead followed the approach of
Lighthill (1960) to obtain the lateral force
without considering the detail geometry of
the surface co“tuur other than the sectional
area curve and the added mass distribution.
In the following we shall show that this
problem can be solved directly by the
application of Lagally's theorem. While the
authors cf (I) are highly critical of the use
of Lagally's theorem and the approach in
general to ignore end effects, we shall show
that for our problem the approach is appro-
priate. We shall also show the application
of the Lagally theorem to bodies of arbitrary
cross section. If the body cross section
form is properly considered, the application
of the Lagally theorem will result in the
same formula as that derived in (I) by using
the momentum theorem.

FORCES AND MOMENT ON A MOORED
VESSEL

The induced singularity distributions in
body 1 have been determined and given in
(7) and (8). The forces and moment can then
be evaluated by application of the Lagally
theorem for unsteady flow as shown by
Cummins (1954). Accordingly, the
differential forces on the moored ship can
be written:

3u
aX(x1, 8) = 2mplup, g + = Taxg (9
Al
4¥(x),8) = 2mp fuy 2L+ M dxg (10)
*1

where p is the fluid density. The first
term on the righthand side of the abcve
equations is the Lagally forces in a steady
flow. ‘The second term is the contribution
due to the flow unsteadyness, and corres-
ponds to the rate of change of momentum
arising from the singularities induced inside
the body. In a fixed reference frame, the
time derivative in the second term can be
written:

2D - _y, 2.
at Uz
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By definition, the velocity components U
and V of the induced stream field are both
small as compared with Uz, so that the
steady Lagally force term in (9) and (10)
may be neglected as compared with the time
varying term. Substituting (7) and (8) into
(9) and (10) and integrating over the body
length L), we obtain the leading order
approximation of the total surge and sway
forces on the moored ship.

X(@) = —9szsl(x1)—§—[U(x1.§)]dxl (11)
Ly 28

Y(8) = =20Up sl(xl)-g-g[wxl.;)]axl (12)
Ly

Substituting U and V from (5) and (6),

integrating by parts, and assuming

S1(x1) = 0 at the body ends, we obtain the
final expressions for these forces:

X(8) =

ff&/s’(x ) S‘;‘(xz)(xz'xl-g)dxzdx
2 Lll 1 (g - %y - 812+ m2]372 71

2 (13)

Tuck and Newman's expression for side force
given in equation (29) of (I) agrees with (14)
if their double-ship form 1 is axisymmetrical
and Uj] = 0. (Note that their formula is
given for the double body and their definition
of S(x) is twice as large as ours.)

Similarly, the yaw moment to leading
order approximation is just the unsteady
Lagally moment. For a slender body, it has
been shown by Cummins that this moment
can also be expressed h. ..:: integral over the
ship length. The final c.ipression for yaw
moment is:

N (%) =

2
PU2 N . :
-2 /[sl (3¢ )%y + 8 (x7)]
111

S2 (xz) dx,

d
[(xy - x - £+ 0] 272 71
Lz
(15)
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Again, (15) agrees with (30) of (I).

Equations (13), (14), and (15) complete
our results for the surge force, side force
and yaw moment i.cting on a moored vessel
as a result of the passing of another ship.
These forces anr moment are shown
depending upon “he two ships' separation
distances and their sectional area distri-
butions. In thea derivation of these equations,
the moored ship together with its image is
represented ty an axisymmetrical body; no
such restriction on the passing ship is
imposed, however.

NUMERICAL RESULTS

We assume the two ships both having a
simple sectional-area distribution of
parabelic form as follows:

S; (x5) = S5 (1 - 4xj3/sz) (16)

where S: is the midship sectional area and
j is the index denoting ship 1 or 2. In order
to describe the general sequeniial phenomem
on a moored ship as another ship passes
alongcide, we consider a special case that
two ships of identical length L have a
separation distance n = L/4. The calcu-
lated results are shown in Figure B. The
resulting forces and moment are either an
even or an odd function of the stagger dis-
tance &, as both ships are assumed fore-
and-aft symmetric. According to the
schematic drawing shown in Figure A, the
moving ship passes from the stern of the
moored ship to the direction of its bow. As
shown in Figure B, the interactions begin
well before the two ships actually start to
overlap. Gencrally there is a small
repulsion force acting on the stern of the
moored ship in both longitudinal and lateral
directions. As a result, the moored ship
experiences a small surge force toward the
bow, and a small lateral force tending to
swing its stern toward the dock. As the
passing ship proceeds to overlap, the
moored ship begins to experience a suction
force from the passing ship and the surge
force changes its sign; the lateral force
gradually reaches its secondary peak and the
resulting tendency is to pull the stern of the
moored ship back toward the passing ship.
Ag the passing ship continues to pull up, the
aftward surge for~e becomes stronger; so
does the laterial attractive force at the stern
of the moored ship. The longitudinal attrac-
tion soon reaches its maximum and eases off.
The lateral attractive force continues to grow
but more effect of bow picks up and the con-
tribution of stern falls off. As the two ships
come abreast, the lateral attraction reaches
ita primary peak; and meantime, there is a
rapid change in surge force, which shifts
from aftward to foreward, as well as there
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is a change in yaw moment such that the
attraction at the bow becomes stronger than
that at the stern. As the passing vessel
draws ahead, the above sequence is reversed
as shown in Figure B.
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Figure B - Surge Force, Sway Force, and Yaw Moment on a Moored Ship
(Two Ships of Equal Length with a Centerline Distance 0= 0.25L)

In a general case, substituting the
geomet=y information (16) Into (13-15), one
may evaluate the integrals and obtain the
surge force, sway force and yaw moment
as a function of the separation distance 7,
the stagger distance § , and the relative
length ratio of the two ships L,/L). Forgven
values of L.2/L1 and n a similar result as
shown imFigure® B can be obtained. From
the mooring design calculation point of view,
however, only the peak values of these forces
and moment are of interest. Figures C-E
su'nmarize the calculated results of the non-
d.mensional peak surge force, sway force,
and yaw moment, respectively, plotted as a
function of separation distance for a range
of various length ratios from Lj/Lj = 0.5
%o 2. 0. Noting from these figures, the
strong dependence of the forces and moment
on the separation distance is evident. This
is especially true if Lz/Ly < 1. The
efject becomes slightly weaker when
L,/L) >1, asthe fore-and-aft interaction
due to the passing skip is more effective
when the separation is sufficiently large if
the passing ship is much longer than the
moored ship. By the same token, if the
pansing ship is much longer; the effects on
the mocred vessel are generally significant
even wnen the separation distance ig large.
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This feature is rather clearly demonstrated
in the plot of the maximum side force as
shown in Figure D.

The calculations given above are based
upon the assumption that the ship hull and its
image constitute a double-body form which
has an axisymmetry and its sectional area
distribution is a parabolic curve as given by
(16). While it is anticipated that this dis-
tribution of sectional area should provide a
good representation for a wide range of
regular surface ships, it is 3till interesting
to examine the validity for application of the
calculated results tc ships of arbitrary
cross section including the possible stern
effects dne to vortex shedding from the
trailing edges of rudder and deadwood.
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‘,? To leading order of slender body

approximation, the representation for
bodies of arbitrary cross section departs
from which for axisymmetric bodies by the
refinement to include correct added mass
effects. Ag is well known according to
slender body theory, the kinetic energy of
the fluid is zero due to the body's longitu-
dinal movement, and there is no added mass
effect in surge motion. Consequently, the
present calculation. of surge force makes no
difference for ships of an arbitrary slender
form. In lateral motion, the above analysis
has assumed Aj(x;) = Sl(xl), where A
is the added mass per unit length, divided
by the fluid density. For a ship having a
conventional beam-draft ratio, the integrated

effect of the added mass is generally smaller

than the displaced mass. As a reeult, the
present expressions for the side force and
yaw moment virtually provide a consexvative
estimate, which is appropriate in dealing
with peak loading design calculations.
Figure 5 of (I) shows the side force on a
moored ghip when a moving ship passes by,
in which the calculation considers a constant
pdded mass coefficient and assumes a Kutta
¢ondition at the stern. The principal
particulars of these two ships are given in
(I) and included in the following for con-
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Figure D - Nondimensional Peak Sway Force

on a Moored Ship a3 a Fuuction of
its Lateral Separation from a
Passing Ship (Subscript 1 denotes
for mvored ship, 2 for passing
ship -

venlence of reference. Ship A is the ba
ship KING GEORGE V, of length 740 ft.,
beam 103 ft., draft 29.3 ft., and displace-
ment 36890 tons. Ship B g the R, F.A.
OLNA, of length 567 ft.3 beam 70 ft.,
draft 30 ft., and displacement 23570 tofis.
The.r midship section areas are 3050 and
2075 sq.ft., respectively. The calculated
result of side ‘orce on Ship A by the present
formulation, assuming axisymmetrical
double-body form and considerfhg no stern
effect, is campared with that of (1) as shown
in Figure Fuv (The nondim~nsional force:
scale is wrongly labeled by a factor of two
in Figure 5 of (1).) g axisymmetrical
double-body model yidhds a larger peak force
as expecteds The difference is mainly

due to the deviation in the added masses
betwean the two models and can be roughly
estimated from the midship information

the ratio (S) - A1)/2S; or % - % (T/R)4,
where T is the mean draft and R is

an equivalent radius of the midship section,

R = (28;/m )% . It accordingly yields a
difference o0f,28% for the present case. The
actual calculation reveals a difference of
about 30% as shown in Figure F. For ships
of smaller beam-draft gatio, this diiference
tends to bg amall. The stern effect is
generally all; it slightly shifts the phase
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and yields a small asymmetry but affects
little on the magnitude of the peak forces.
Therefore, for applications in mooring
calculations in which the peak loadings are
of primary interest, the end effects may be
ignored.
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APPLICATION OF LAGALLY'S THEOREM
TO BODIES OF ARBITRARY SLENDER
FORM

As was discuesed in the previous section,
the body cross section form does not affect

the surge force. Only the latsral mode,
therefore, is discussed in this section.

We consider a general case that
Uy ¥ Uz £ 0. Ina uniform flow field having

[ 4

b . M & N velocity components U and V, body 1 has
o te/ti® %, * « +  approximately an affective distribution of
. ?2 ia _ “ doublets as follows:

3 o~ '3 N gy (e €)= R (U, -0y
- 09

Lo, T o8 an
) i,’;"":- g: Hyy (x1, 8) = Z—"le(xl)"'AI(xl)]v(xl'g)
F =] 1> (18)
; l :.r U) is the constant speed of body 1, When

Uy = 0, (17) is identical to (7). Aj(xy)

is proportional to the added mass distribution
of ship 1. For an axisymmetrical body
Ay(xy) = Sjy(x)), (18)is in agreement with
(8‘). U and V are the velgcity componenta
of the flow field induced by body 2; they

have been given in (5) and (6).

. Disregarding the detailed distribution of
Ay(x]), one may simply regard it as regular
as Sj(x]) at the moment so that the
differential side force may be obtained
through application of Lagally's theorem
using equation (10). The firat term gives
the Lagally force in a steady tlow.

1
o2 03
N/,
Figure E - Nonsdimensjonal Peak Yaw Moment
on a Moored Ship as a Function of Following (I), we write V in the moving
its Lateral Separation frum a reference irame of body 2: .
®assing Ship (Subscript 1 denotes ‘
for moored ship, 2 for passing
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Figure F - Theoretical Sway Forces on Ship A (Ujy = 0) due to Ship B Passing at
Speed Uz. Solid line for symmetric model calculated according to
* Eq. (14), broken line for model of constant draft calculated by Tuck
and Newman (1974)
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upn Sz’ (x)dx
Vo2 = T | Tl w2+ n2172
L)

i)

Substituting (17) in the first term of (10),
making use of (19) for V, and noting that

_a.ax_l = —3-3-2— = -sa;- , to leading order we
obtain:
dY¥, = =P U;Sx) V' (xp) (20)

Similarly, after substitution of (18), the
time varying term in (10) gives:

dy, = pD{[sl(xl) 4 Al(xl)]V(xz)} 21)

where . 8 _ -}

in reference frame 1,

and _ 9 -]
SO TR S~

in reference frame 2.

Separating Sl(xl) from Al(xl) , it
follows that:

dY, = PS(x,) D[V (xp)]
+DD[A1(X1)V(xz)]
- DUy 8] (x1) V (x5) (22)

Since that Sy (x3)= 0 has been assumed
at the body ends, the integrations over the
ship length of the last term in (22) and the
steady Lagally force given in (20) exactly
cancel out each other. The net result of the
diifferential force is therefore simply:

dY = pS)(x))D[V(xz)]
+ [¢] D[Al (Xl)v (XZ)] (23)

which is in agreement with equation (25)
derived in (1) using conservation of
momenturn arguments.

Up to this point, no detajled distribution of
Al (x1) has been considered. Now following
the assumption of (I) that Aj is allowed to
ba non-zero but is regarded as a continuous
function at the aterm in order to satisfy the
Kutta condition, the final expreassions of side
force and yaw moment (29-30) given in (I)
can be exactly reproduced. The major
difference of these expressions from those
for an axlsymmetrical body [ the trailing
_~gglge term, which correspond#to the rate
! sheddipg of downward momentum at the

-.
A

rear. Calculations have been conducted by
avaluating these integrals for two ships
moving parallelly at an squal spead, but
various stagger distances. The experi-
mental results of the interaction effdcts
between the two ships has been reported by
Newton (1960). Taking the same assumption
as in (I) that the drafts of the two '- are
constant along the length, we have ained
numerical results of interactions between
the two ships. While the results of side
force agree with that obtained by Tuck and
Newman as shown in Figure 2 of (I), our
results of yaw moment show better agree-
ment with the experiments. The comparisgn
between theory and experiments is given in
Figure G.

CONCLUDING REMARKS

In concluding our discussion, the
following remarks are made with regard to
the induced loading v'n a moored vessel.

1. Theoretically, Figures C, D, and E
provide a conservative estimate for the
peak forces and moment on a moored
vessel, resulting from hydrodynamic
interactions induced by the passing of
another ship. ‘

2. The small hull asymraetry in the under-
water profile, introduced by rudder
deadwood, - etc,, may slightly shift the
phase of interaction but insignificantly
affects the magnitude of the peak
loadings.

3. For ships of large beam-draft ratio,
the overestimate on side force by using
Figure D can Le approximated by

i 2
% - —; (%) , where T is the

mean draft of the moored vessel and

R is an equivglent radius defined by

R = (28/nw)%, S being the midship
saction area of the moored vrusel. For
ships of relative small beam-draft ratio,
say 2, the error should be small.

4. The pcak loadings are strongly dependent
on the lateral separation distance. If
the passing ship is shorter than the
moored ship, the interactiona are
noticeable only when the lateral
distance {s small. If the passing ship
is much longer than the moored ship,
the effects are generally significant
even at a large lateral separation.
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The authors thank Dr. Schumiechen for drawing
sttention to-his own discussion of Collatz's paper, and fee
pointing out the modified final title of Collats’ thesis.

The ghange in title from “ships” to “elliptioal cylinders™
nevortheless ekirts the formidable problem of how to deter-
mine the circulation arcund a body with a blunt trailing
odge. We should stress that, in spite of our criticism, we
regard the paper of Collats to be a significant contribution
in its own right, sinos it prosents an ‘“‘exact” calculation

in which no assumptions of thinness or slenderness have
been made. Further comments on this matter are contained
in the discussion by Professor Tuck of Dr. Dand’s paper.

We share Dr. Dand’s dismay at the paucity of experi-
mental data, and thank him for noting the referuncs by
Moody. Regarding the importance of hull shape in the
shallow water case, the following new results may be of
intereat. The “Present Theory” curve of Figure 7 was
computed by replkcing the elliptical cross-section by a
circumacribing rectangie. The corresponding results for
a true ellipse have recently been computed by Mr. G.
King, and are shown chain-dotted in Figure H. This figure
is a reproduction of Figure 7, with the addition of the new
theoretical ctrve and some additional experimental points
taken from Oltmann (b). The two theoretical curves are
quite close to exch other. It would appear that the present
theory is predicting the experimental results to within an
order of error comparable to the variabilities in the experi-
ments themselves dus to effects of finite Froude number
and of submersion depth. With respect to ship hulls in
shallow water of realistic depths, it seems unlikely that
satisfactory results will be obtained until the theory is ex-
tended to account for the gap effect beneath the koel, as

outlined in Section 4. Hopefully, while this theoretical
extension is in progress, our towing-tank collaagues will
oarry out the corresponding experiments, The interaction
betwean & small ship and a large ship, when the relative
fluid depths based on sech ship’s draft are v’ ditferent,
is indeed an interesting problem, and one which could
possibly be analysed by suitable extensions and combina-
tions of our theories, but not without considerable addi-
tional work.

We are grateful to Mr. Martin for the new experimen-
tal data which he has shown. These results are quits
striking, by comparision to the earlier published results
for KGV and OLNA, but it is difficult to comment on
thess new results from the theoretioal standpoint withaut
performing computations for the ships in question.

Dr. Wang has slaborated on his own parallel work,
and especially on the importance of the moored-ship
interaction effects. He also has illustrated the point which
we made regarding Lagally’s Theorem; thus his equations
(20) and (22) differ from owr {25) or his {23) by a perfect
differential in x, which affects the force distribution and
yaw moment, bui not the total force, Of more vital
importance, Dr. Wang has brought to our attention errors
in our original computation of the interaction moment,
shown in Figure 3, as well as a factor of two error in
labelling Figure 5. Both errors have been corrected in
these Figures as they appsar here. We are pleased to note
that the corrected resulta for the interaction moment are in
i much better agreement with the experimental values,
and hence the reservations made in the text below Figure
3 are less appropriate than had appeared previoualy.
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i A SHORT DREDGED CHANNEL

N. H. Norxabdn
Swed{ish State Shipbuilding Expeaimental Tank
Sweden

BANK EFFECTS ON A SHIP MOVING THROUGH .
{
!

. ABSTRACYT Symbol Definition Prysioal :
: . Dimqasion 1
! Thiv paper presents a first desoription e -1 - \4 !
: and analysis of a series of captive force L Velooity of origin of L® ‘ %
¢ neasurements and "f{ree-reaponse® irejestory body Gims 3
{ teats, which have been performed with a .
< er model, moving along loag and short v Channel widt L
side wall danks and plajtierm shellows, and 'p' '. Distanoe fro.l; vef, L 1
. off-set from the oontmﬂ“ﬂl‘ Xne of a dredged line to por¥*and stb‘ad i
i ohannsl, The results ffem the mrasurements bank, rerp.
: of latersl force and ySwing moment are dis- ; -2
played in various graphs, and they are oom= LY, E{:’°‘g::;1:x£:’°" oy t
pared with oaloulations sccording to kmown e
“theories, The ultimats aim of the project is b Height of L% -
the foruulation of ar analytical model, whioh ; '_2
will simulate the “bank effecta™ expexienced, [ Aoceleration LT
and whiol, in a partigular trixl case, will gravity
make it possible to prediot the free xesponse
of the model from the forces measured at the B ?:ﬁl'x‘;f vater in L
oaptive lesta.
. h1 Depth of water above .
P NOMERCLATURE platform shallow N
When applicable the symbols and abbre- » Nass of body ¥ t a2 ;
. viations ased herse have been chosen in accoxr- P Pressure in general ML T .
i dance with the SNAME and ITIC racommendations. -
v Non-dimensional coefficients are given in the 1 Stagoation pressure o
: "bis® system, in which the unita for wass, t Time T }
length and tiae are =, L = L., and L/g Tes- uy v, w Components of V along LY )
‘ pestively, /1/. e ' bod; axes "
¥
. \ Symbol  Definition Physiosl Xy yo & Co-ozdinates in right- L
: } Dimension * handed systes of body
: : 2 % axus
| A Seotion area of hull L v 3
/ A. Midship section orea L2 v oluae displacement L v
‘r Rudder ares L2 g} Angle of drift tan ﬂ-"; {
. 1 -
N B Beum of hull L 5 Rudder ungle ;
! cp Pressure coefficiasnt -~ r Block coeffialent - - :
1 b Propeller dismeter 1 J o Tnderkend sleszense -
; L ;rondovzgnbor ot ) " Ship-te~-bank distance -~
; L * paTameter, n = w_ + 0 !
’ H fleight of platform L " Do . i
b ' port and stbd -
bank ) T')P ! re;p.
L Lcnsth of hull (L = L ] Beuk spacing parametier,-
Lop 2 .2 Namn, -0
] Yawing moment about ML°T ¢ Nass density of water w3
s axis . Vil
P Propeller pitoh ° L fm T Prismatio cooffistent -
S'l Strouhal number -
7T Draught of hull L
71
-




¥
L
s
v
3

SR

INTRODUCTIOR

The problems assooiated with steering
in a straight oanal have heen the subject of
many classioal experiments as well as of
more recent studies of analytioal nature,
all pertaining to the case of long high aide
wall banks, protruding out of the water. The
suthor is not aware of any paper related to
the "ahort oanal" or isolated bank segment,
however, nor to the dredged channel oon-
figuration. The three diagrems in Fig. 1 may
illustrate the sohemstic topography of a con-
ventional (closed) canal, a dredged (open)

Canal

Dredged channel

P77 77 Y /)

Fig. 1. Schematic classification of topo~
graphio environment

ohannel, and a fairway bounded by short side
banks (walls) and shallows (platforms). The
ultimate aim of the present projevt is an
analytioal model, which will simulate the
"bank effecta™ experienced by & ship that
moves in a fairway bounded by similar topo-
graphic elements.

We may also hope that the results will
help to define the practical domains of
ohannel and shallow water navigation. Accor-
ding to the International 0il Tenker Com-
mission "channel navigation is not very
different Irom the one over flat ground if
bank height over depth < 0.4, if not, it ocan
be related to the navigation in a canal en-
closed between two banks®, /2/. We will see
that our force measurements on a model in
different channel sections do support the
firat part of this statement, dbut that eveu
a soderate depth of water above the plaiform
banks will reduce the bLbank effects well below
those expected .n a ol¢hed canal,

We may further hope to be able to better
understund th¢ meaning of s "long" or a
"short" bank: In an earlier paper, and on the
basis of an ajproximate caloulation of the
pressure distribution on a wall adjacent to
a moving deep-draught oval cylinder, the
present author concluded that “end effects
from short banks will be felt at a longi-
tudinal distance of 1.5 L forward of bow and
aft of stern, and transient phenomena will
doainate during the passage of a bank which
is, say, of a length less than six times the
length of the body", /1/. Again our force
meAsurements on a model abreast banke of
different lengtha oconfirm this statement,
Every finite bank element, long or short,
will have an end, however, and the measure-
ments also clearly indicate that a ship will
experience yawing moments of appreciable
magnitude during the passage of these enda.

The olassiocal effect of bank suction on
a ship that moves in a steady state off the
centre-line of a8 long straight ocanal is
illustirated in Fig. 2§ to balance the suction
force and the bow-away-from-wall moment it is
necessary to !ind an equilibrium position
with bow out and helm towards the near bank.
(Typically, a drift angle of 19 may be asso-
ciated with a rudder angle of, say 15°.)

Baonk suction

Y LLLLLLL AL LLLL L L L LLLLL
rudder 3———— T —1B
control 1

force Litt due to diift

Fig., 2. Equilibrium conditions in motion
along a long oanal bank
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Fig. 3. Recamd of the movemfnt of an un- Table 1 Main Hull Characteristics (Loaded)
oontrél)ed model Meeting a shallow
. bank Model Ship Non.-Dim, ou L
l What will happen to a ship in a similar Lpp (L) 5.024 2271.56 m |1,0900
i egquilibrium pdsition in a wile canal if it
,: suldenly approaches the beginning of a side B 0.852 5456 m |0.4696 4
= bank clcaser to ene slde, or if the long T 0.339 21.67 m [0.0875
g oaral suddenly widens to ®ne side? A typical 3 _
b result of one of the new free-running model v 1.192 312 200 = N
. experiments “is refpoduced in Pig. 3s soon xG/L 0.0292
u before maeting the bank the model was let 3 0.821%
free to respond to the ghanging disturbances. PP # y b
3 l The meeting phase is dominated by the effect Qpp ‘1 0.8231
of growing side-way suction, until, when its 8 9 0.9978
' full length has passed past the edge of the N
S E bank, the model sheers away to the opposite } -
- side, There is every reason to study the de- Table ¥ “ectional Areas .
o tails of the tranmsient "bank effects® causing ‘J " 1
% this behaviour. Stut: Co-ord. x/L A(:)/Au 1
. - -} -0.520 0 b4
é:_ | NODEL <SXPERIMENTS - SHIP MODEL AND PROTOYYPE 0 i ~0.500 0,043 \' ﬁ%
' The ship model is a replics in the scale ‘1'/2\‘:; :g.gg 8.3 ] b
1164 of a 260 000 tdwdore/oil Qarrier proto- 1 1/-‘ _0'425 0‘342 ’?1
type, for whioh delivery frial data and PMM 2 _0°400 0'457 i
model test results are available from pre- 3 _0'550 0.665 ) “I
vious studies of deep water manoeuvring, /3/. 5 _0'250 0'9 : el
Body plan and c¢ntours are reproduced in Fig, 7. __0‘150 0' ’ . D
4, which shows u large , rotruding bulbous _0’050 1‘000 ‘ :u‘
bow and a Mariner type half-spade rudder. At 15 O. .000 o T
the experiments reported on hers the model 1 04050 .000 ® AN |
was propelled by a right-handed 4-bladed 13 - 0.150 _1'000 L i
sorew, The main charaoteristios of the hull 15 0. 259 1000 ‘ EE
form are given in Table 1, those of the 17 0‘550 0‘954 * 4 * . H
rudder and sorew in Table 3. 18 ’ 0'400 0.816 T
To encourage comparative caloulations 18 1/2 / 0.425 0.753 }1
of hull hydrodynsmios the ordinates of the 19 A Y 0'450 0‘503 ]f;?g
sectional area curve are listed in Table 2. 19 1/2 (.'475 *76 et
. [
(of. Fig. 4.) 1 3/4 2435 0.173 e
0,500 0.104 : 'J
- 04521 0.054 4%
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Table 3 Charsoteristios of rudder and screw

Model Ship

Rudder ares, total A_  0,0281 115.0 -:

- movable A . 0.0230  94.4 -2
Rudder height b 0,217 13.90 m
Rudder area ratio Ar/L! 0.0165 -
Ruddex aspect retio 1.680 -
Propeller diameter D 0.131 8.40 a
Pitoh retio P/D 0.850 -
Blade area ratio AD/AO 0.550

Fig. 5 (Below) Captive test program - Bank
elements in the VBD Large
Shallow Water Tank

MODEL EXPERIMENTS - WATERWAY NMODSLS

The "waterway" was modellad in the Large
Shallow Watcr Tank of Yerswchsanstalt f#r
Binnenschiffbau im Duiadurg (ViD), where
oaptive model tests also previocusly had been
perforsed within SSPA ressarch progrems, /1/.
The waterway was of ncoeasity limited in
width by the side walls of the basin, 9.800 =
apart, and in depth by the maximum water
height h allowed for, 1.020 m. The “fairway"
is & more narrow lane within the waterway,
bounded by the envelops of safe side bank and
under-keel clearances. At the present tests
side banks were represented by the basin
walls and by platform solids of GRP ls
built up to three different longtbs (Lp) and
three heights f§). To prevent prussure
leakage hetween and into building blocks the
platforms were covered by aluminium foils
and joints and screw holes were sealed by
plastic tape.
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In all 11 different models of the water-
way were investigated, using be3in walls, and
port and/or starboard platforms. (See achema.
tic diagram in Fig. 5.) Por sach configura-
tion tests were run at several depths of
water., If h 2 B, water depth above aide plat-
form is demoted by hy, so that (h - hy)/h=1.

MODEL EXPERIMENTS - CAPTIVE YTEST PROGRAM

The captive test program included twe
sequences of experiments, the first executed
in 1972, the second in early 1974. The pre-
liminary results of the 1972 “finite length
platform® series suggested that these ex-
periments be repeated and extendod within a
wider range of teat parameters, using & new
sct of force gaugen. (See below.) The 1974
series also included the long bank case -
w0 platform in the »asin - and they were
finally completed by A set of free-rumning
response tests as examplified here in the

Intreduction. .
'n | N "y
y h _L_ l..;!:i. I

%h "/
T

ke 8 % R &
£ H/Te

h-h,_ <

h

10 ‘

08 )
i \ H/Te
o
L \ ‘?‘-'
Qs
02' H/T= 05011 i\_
0 ) . 2 J!
0 10 20 /7 30

Fig. 6. Captive test program - Depth ratios
in the 1974 (40 Series) tests

For the purpose of this first report the
full range Oof test parameters was 88 givea in
Figs 5 and 61 additional rans covered varia-
tions of drift angle §, rudder apgle S, and
screw RPM. (A4 rudder angle § » 2° - port
rudder - proved to balamse the asymmetrical
effect of the single screw in fres; deep
water, and was selected as a basic setiing
in the 40 Series.) Model speed was equivalent
to 8 ~ 8.4 knots for the 322 a ship. Froude
nnsber besel on depth rever exceeded Py, =
0.27.

MODEL EXPERIMENTS - CAPTIVE TECHNIQUE

The model was free to heave and trim in
a set of guiding linkages attached to the
rigid frame of the carriage. The natursl
vertical fraquency of the carriage ves esti-
mated to be of the order of 5 Hs. Special
sccelerometer measuressn*s made on the
carriage part members of the linkage systea
showed exciting frequencies of the ordar of
1 He, possibly due to wheel rotation, and
isolated peaks at intervals; the latter only
were cefound in the foroe component records.

Aft and forward lateral force, and the
small longitudinal force as difference be-
tween propulsive force and resistance, were
all measured by resiztance-wire-type strain
gauges in full bridges. The analogue force
records suffered from oscillations superim-
posed on the transient +ime histories, with
& characteristic frequency of 0,25 - 0.35 He
for lateral forces and twice as high for the
longitudinal ones, (0.25 Ex corresponds to a
Strouh .l number based on beam equal to Sp =
0.4.) At the smallest bottom olearanse (h/T =
1.20) there was a dominating disturbance in
the forward gauge records, having & frequency
of approximately 0.05 Hs or a period of 20
seconds, corresponding to the time in whioh
the model travelled twice its length. This
effect may be attributed to flow separation
originated on the bulbous bdow,

Zero roadings were taken with model at
rest before and after each run. These sero
readings are the natural reference values to
be used when evaluating the forces eaneri-
anced when passing a long high wall, or a
high isolated bank., In the course of & typi-
cal run down the basin and past an isolated
shallow platform bank, auch as illustrated in
Fig. 7, the record contains one set of steady
state focces during the approach, and another
set of "steady staie” or maximun forces
abreast the platform. The assumption has then
beea made that the net effact of ths presence
of the shallow bank {s given by the dif.-
ferences appearing between the two sets of
values read.

The assumption just made may be inferred
from the validity of the superposition prin-
ciple as demonstrated in ref. /1/. In par-
ticular it was shown there that the asymmetri-
cal foroes on a ship in a canal could be cb-
tained by adding the effects from port and
starboard walls. (In very nurrow canals thers
is also & coupling effect due to blockage.)
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Fig. 7. Definition of bank off-mets and
ship-to~bank distances in approaches
and bank passages

MODEL EXPERIMENTS - RESULTS FOR FORCES OR
MODEL MOVING PARALLEL TO A LONG HIGH WALL
(SERIES 40)

The forces and moments measured on the
model moving along the basin wall are pre-
sented in non-dimensional form in Figs 6 and
9, respectively, to a bas: of bunk distance
parameier n = ng + ny. With reference o Fig.
7 we observe that

11

et - s e n e e

Y E— (o-n.<2)

s 'p A
B (-2=n =0)
n = p
P,

7h7r| B replaces the length L used in ref.
1/.
The ordinate of magnitude Y"/u"? « -0,1
corresponds to & suction force equal to 70 N
on the model, or to 1 900 metric tonnes on &
ship Jisplacing 312 200 m3 and moving at a
speed of 8.4 knots, At the captive model
test about two thirda of the lateral force
were carried by the aft gauge, indicating a
clesar bow-away-froc-wall moment. Much larger
trancient moments, howvever, were expericnoed
by the model when passing close to a finite
bank extending into the fairway.

MODEL EXPERIMENTS - RESULTS FOR FORCES ON
MODEL MOVING PAST HIGH BANKS OF FINITE
LENGTH (SERIES 21, 27, 41, 42, 46)

As can be seen from Fig. 5 the test
program included finite bark elements with
a length equal to six, three and one unit of
ship length Lj the two shorter banks, six
unit lengths apart, were paseed by in one
single run down the basin, The distances
covered from bow-meets<hank to stern-clears-
bank are seven, four and two units respec-
tively.

Fig, 10 presents a compilation of fore
and aft lateral foroe transientis recorded
when meeting with the surface-piercing 6 L
bank, all for three different depths nf
water and one lateral bank-passage distance,

In the analyasis of thesge and similar
records it was found nscesaary to "“filter"
the gauge signal values by use of a mean-of-
envelopec technique, In Fig. 11 the dotted
lines are time histories of total lateral
force and total yawing moment obtained in
that way for the prssage of a surface-piercing
3 L bark at a water depth equal to 1.3 T,
These dotted curves include the unbalanced
bias due to the presence of the far port and
sfarboard walls. The influence of the star~
board wall remains constant (within the
validity of the superposition prinociple)
during the total run dewn the test basin,
causing small shifts of the force to positive
and the moment to negative values, At a
sufficient distance before and after passing
the finite protruding bank the influence of
the far port wall will cause & shift ¢f the
force to negativa and of the noment o
positive values., The fu) ecurves of Fig. 11
have been corrected for tnis bias by use -¢
the results of Figs. 8 and 9.

Note that the time histories shcwn re-
late to the instantaneous position of Zhe
bow of the model, Upon ocoming in line with
the front edge of ihe bank the model ex-
periences no net effect of the initial re-
puliéion, which could have baen expected in
view of the pressure distribution on the bow
known for the long bank case, (See below.)
There appesars to be a gradusl build-up of
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Brok suotion force coefficients in steady motion past lomg bank
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Fig. 10, Lateral forue transients for model
meeting surface-piercing finite
bank

Fig. 11. (Right) Total uet latersl force
and moment transients as imposad
by finite bank

suotion foroe along the model as it procceds
towards the middle of the bank, Again, the
accompanying moment as recorded has here a
tendency always to turn the bow away from

the bank, whioh suggests that the initial
1ift is produced on the after part of the
hull, As the bow moves beyond the rear edge
of the bank the moment shows a second maximum
consistent with the simple two-dimensional
theory.

A detailed evaluation of the f’nite bank
transients is under way., Awaiting this ana-
lysiz provisional results fro-: the 1372 testa
are given in Fig. 12, to show the relative
magnitude of the maximum suotion foroes re-
corded on the mudel in a position midway
along the bank,

Roughly, the long bank values may be
roeduosd by 10 per ocent to give values for a
4 L banky and by 25 per ocent for a 2 L bank,
In the latter case, however, this forne
maximum is of very short duration, and the
comple ts passage must be regarded as a tran-
sient phenomenon involving rapidly changing
yawing moments.
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3 passages of banks of ifinite lengths past 6 L platform hark i
; )
3 Such rapidly ochanging moments are par- MODEL EXPERIMENTS - RESULTS YOR FORCES ON A a
3 ticularly dangurous when ‘hey involve s MODEL PASSING SHALLOW PLATFOXM BANKS (SERIES i
change of sign as well. With reference to 21, 22, 23, 41, 42, 43) i
Fig. 11 on the previous page it should be =
pointed out that a preliminary evaluation of Again, the analysis is not yet com- 1
yawing moment transients in othexr test runs pleted and provisional resulis will be given
do indi ate a small initial temdency to turn here based on thes 1972 series of measurements J
againat the wall, during the passage of 6 L platform banks of
different heights, Pig., 13. The new iests
ocovered a rangs of lower platfura-to-depth }

ratios, and the new resulis may or may not

be in support of the aimple quadratic depen-
dence suggested in the diagram. Froam this
diagram we note ¢he rapid decrease of suction
foroe with even a small height of water over
the platform bank, Thus, we may benefit very
muoh from having low side banks flooded at
high tide, The presence of s platform type
shallow with a height equal to up to 40 per
cent of the depth will be of no great harm,
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COMPAR:SOFS WITH THEORY

lL.eedless to say experimental resulis as
those presented here will be more useful if
they can be viewsd against the baokground of
a suitable theory. Agsin, theoretical results
sust often be held in doubt until they have
been verified by careful experiments. Present
theories for wall intarference and asymametri-
cal foroes are limited to ‘he long wall oase.

If we ignore the deformation of the
free surface the problem of a ship - and then
not necessarily a slender ship - offset to
one side of a long canal or dredged channel
may be handled by numerical methods for
potential flow, /4/. The problem is equiva-
lent to that of a stationary flow past the
doublebody form close to a wali or dblooking
a tunnel with the appropriste vertiosully
symmetric section.

At present this avprosch is still ex-
pensive, and when we ocome back to its appli-
cation below, the solution is for just one
position in the canal,

If the tunnel section is of a simple
rectangular shape and if the ship is slender
the asymmetrioc force may be found in explicit
form by an elegant but approximate method of
source images, /5/. (For ihe oase of & slen-
der body of revolution moving in deep water
near a wall Newman has earlier deviased a
more acourate solution for the bank suction
force, including a displacement of the axial
source distribution to account for the de-
formaiion otherwise oaused to the body, /6/.)

In view of tho suffiociently large width
of the test basin our experimental results
for the model oclose to the port wall may
safely bs compared with caloulations for the
single wall case. The bias present in the
experimental values of Y*/u"< for ng + np = 0
has been correoted for in this comparison
shown in Pig, 14. (At a depth corresponding
to h c 0,203 L this dias value is -0.002, so
that the figure ~0.156 will read -0.156.5

The two thin ~urves conneot exverimen-
tal values at diffurent distances from the
wall, each one for the dspth-to-length
ratio given in the disgram. The thioker
ourves are calculated by Newman’s spproxi-
mate method /5/ for & body of revolution
having the same distribution of seotional
areas as the tanker form, and for an s qui~
valent spharoid, defined as having the same
length and the same midship seoction area as
our ship model, The single blavk square,
finully. is the value valoulated according
to the.rumerical method by Hess and Smith

/4/.

The apyroximate method seems 10 under-
estimate the lateral force by some 4U per
cent when the proper sectional area curve is
used, and by somes 50 per cent when applied
to the equivalent spheroid. (These values

will be somewhat lower at large depth figures,

and even higher for small under-keel clear-
ances.) The alternative numarical method
gives a foroe within é per cent of the ex-
erimental value for the test oase shown.
See again below.)

The numeriocal method defines a surface
distridbution of sonurces and sinke that makes
the normsl velooity equal to zero in s
number of discrete points on the boundary,
The capacity of the method when applied to
the stu'v of the potentisl flow past & com-
bination of rigid surfaces is greatly in-
creased by any symmetry preaent in the com-
bination. Our pressut problem is basioslly
asymmetrioal, and we will not benefit from
the port-and-starboard symmetry as far as
ainimum Jesksge through the hull itself is
concerned, In order to produce a resliabdble
result for oomparison with experiments we
chose to study the ocase of the model movins
at sero Froude number close to ons wall of
a very wide canal, so that this (port) wall
(as well as the water surface) could be
oconsidered a true plane of symmetiry, which
dia not vequire any additional definition,
Out of a total of 1 000 surface elements 700

Fig. 14 (Below) Bank suction foroe coeffi-
olents in motion past long
high bank - Comparison of
experiments and theory
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Fig. 15. Pressure distribution around ship
hull form and slomg adjacent wall
in plane cloze below water surface
(Computed by methoi of Hess and
Smith,

could therefore be distribated over the
wetted surface of the hull and the r maining
300 over the wide bottom of the samal. {The
bulbous bow alone required 100 slements.)

The finsl result of the ealoulation,
Y*/u*? o -0.168, is entered as the olack
square plotted in Pig. 14, where it should
be compared with the adjasent open squars
(at -0.156) from experimsnt series 40. The
agreemernt is enoouraging for saloulation end
compariscns will be persued for the shallow
platform case.

In the numerisal caloulation mods)l heaa
B was taken as unity and the long canal wan
defined for ~14 B« x < 14 B. The immediate
result was obtained in terms of local velo-
city components and perturbation pressure
coefficients (C,)} iu points on the hull and
canal walls. Thi disgvam in Fig. 15 illu-
strates the pressure distriduiion on the “wo
sides of the hull and on the near wall ium a
plane close below the water surface. IC msy
be observed that the pressure distridation
on the hull ie more or less directly refleso-
ted on the wall, In the noraal plare contai-
ning the midship section the losal difference
in Cp between & point ou the hull side and an
adjasent point on the canal wall, and betweaz
a point om the hull bottom and a point on the
canal bottom belouw it do not axceed 4 and 8
per qent respsctively.

The total asyssetrisri foxoe on the
model is equal to the gpressurs foros inte-
grated over the full ilexngth of the pleane,
vertical, near wall, For the nor~dimensional
total~force coefficisat Y¥/u*2 seed through-
out this paper we have .hzky

. 3 2 i
=- 106 @ Hc, @) a@
-
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DISCUSSION

C. T. EARNEST

The author has prepared an interesting and timely
paper. It is particularly pertinent to problems under study
of the Panama Cenal and certainly many other waterways.
The volume of ocean traffic has been increasing and, even
more dramatically, the size of ships has been increasing,
yet channels remain the same until economics allow im-
provements {0 be funded. This can result in shift of traf-
fic patterns, operation at reduced drafts, or eroded safety
factors as larger ships use existing channels.

This study of the hydrodvnamics of varying depths of
water sdjacent to channals and of isolated banks (islands
or points of land adjacent to channels) is directly applicable
to condiuons in the submerged landscape of the man-made
Gatun Lake which is the central portion of the Panama
Canal. The transient hydraulic forces caused by these fea-
tures are well known by pilots and can result in “shsans’
or uncontrolied yaws. As Figure 14 shows these forces cen
double and triple as the ship moves closer to the bank, ari
they incrosse significantly as the channel gots shallower. It
also appears that the hull form is an important variable, As
this work progresses, it will hopefully result in further re-
finements to the mathematical mcdel of ship behavior in
restricted waters,

This initial report covers full form ships moving in
channels with a moderate amount of water under the hull
(h = 1.83). The writer uncourages extension of this wo.k to
include fine form ships with a block coefficient of perhaps
.58 or .60 and lesser depths of water under the keel. Al-
though existing channels may have been designed for more
conservative usage, cuirent practice in many world ports is
to accept ships with five feet of water under keel or even
less. This results in T - 1.15 as a routine occurrence. When
working at a scale of 1:64 or 1:100 this amall water layer
would undoubtedly bring boundary effects into greater con-
sideration, however there is a need to extond theory to
cover this common condition.

With this evolving mathematical tool civil engineers,
port authorities, pilots associations and ship owners will be
able to afford to test hypothesis, examine potential future
rituations, search for optimum solutions to channel dimen-
sions and establish criteria for minimum ship handling
character.stics.

L. L. MARTIN

I wish to make just a small comment. At AEW we
have occasionally measured pressure fields caused by var-
ious ships, with reiults generally corresponding very closely
to Dr. Norrbin's Figure 185, for forces on the wall (though
the ships had no buik). It has been found that these can
be computed with fair accuracy by sssuming a continuous
distribution of sources along the longitudinal axis of the
ship, of strength V. , <! where V is ship speed and dA/dx
is the gradient of the curve of areas.

E. MULLER

Systematic encountering and overtaking trials have
been carried out by the Versuchsanstalt fur Binnen-
schiffbau, Duisburg, since 1980 with models of cargomotor-
shipe and pushing units on the Rhine, its tributary rivers

83

and chsnnels. Depth of water, draught, lateral distance and
speed of the models varisd curing the trials. On this occa-
sion not only the occurring forces, but uw'so the resulting
dislocation~ of the vessels were measured. Our results are
in genera! in conformity with Dr. Norrbin’s results though
there are some differences in the details, The reasons are
due to the diffsrent conditiuns of the trials, shapes of the
vessels and speeds. It ia easy to understand that the pres-
sure areas built-up about the vesse' . stronger with fully
shaped inland-water-way vessels with relatively higher
model speed than with the vessel treated by Dr. Norrbin.
On this understanding Figure 1 is to be contemplated. The
coefficients of the changes of the longitudinal force
_ X
Cx = > ,
/o V A LP P T
transversal force

- Y
Y e VR L
/2 Va- Lpp'T ,

yawing moment

N
C =

N L
P72 Valpp'T
VA = apeed of the adverse ship

and the changes of trimming and parallel lowering during
an encounter of two cargo motorship models of 2 » same
size are indicated herein. The encountering phases, bow
to bow, midship to midship and stem to stern have been
drawn in the diagram for better guidance. The vessels
passed each other in a lateral distance (board to board) of
2.7x ship's beam.—~Increased pressure zones on bow and
stern of the vessel (Fig. 2) are still clearly effective at this
distance, as evidently shown by the resulting lateral force
(repulsion) and moment in the beginning (turning outward)
and end of the encounter (tuming inward). If both ships
lie side by side, at the same height, a maximum attraction
is effective whereas the moment disappears.

The longitudinal force will be reduced in the first
half of the encounter (reduction of the resistance) and
will be increased in the second half (increase in resistance).
Please compare in thig connection also the course of trim-
ming & and lowenng ZJL.

From the forces measured it might be expected that
ships passing each other or passing a stationary obstacle
are continually subjected to traaslatory and rotary dislo-
cation. But this is not the case, as demonstrated by Fig-
ure 3. Here are shown 2 procedures of overtaking which
have been carried out with different lateral distance be-
tween the models. The change of course has been caused
— a8 illustrated — substantially by the initial impulse
obtained.

For reasons of simplification of the trials the vessel
passing ahead shown in Fig. 3 was guided on a straight
compulsory course.
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