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INTRODUCTORY SESSION

The First Symposium on Ship Maneuverability was opened at 10 2.m.
on 24 May 1960 st the David Taylor Model Basin, Washington, D.C.

Mr. Morton Gertler, Chairman of the Sympssivt:, cpeaed the Introctuctor

Session.

The following addresses were given at the Introductory Session.

vi
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iNTRODUCTION
by

Rear Admiral . A. Wright, USN
Commanding Officer and Director
David Teylor Model Basin

Mr. Chairman, Admiral James, Ladies and Gentlemen:
P

Noah’s Ark was perhaps the ohly ship in whieh maneuverability was not an important
characteristic. It seems almost ineredible, therefore, that this is actually our first symposi-
um devoted to exchanging ideas on ship mancuverability.

Even so, this one began with plans for a Second International Symposium on Sz2akeeping.
Tten in my offiec caily last year, Dr. Schoenherr arnd Captaiu Saunders pointed out that we
still have a profusion of undigested technical contributions and of unanswered questions from
the First Seakeeping Symposium at Wageningen in 1957, and that we have much more to learn
by pooling our ignoranee and thoughts on mancuverability. And so here we are.

The timing seemed to fit nicely, between the American Towing Tank Conference held
at the University or California in September 1959, and the International Towing Tank Confer-
ence planned for Paris in September 1960. The subject matter of mancuverability seemed an
approprizte buildup to the 1960 ITTC at which, for the first time, a full teehnical session
will be devoted to muneuverability.

The new maneuvering facilities here at the David Taylor Model Basin are still under
construction. They will be opened for the first time during this Symposium, and vou will have
the opportunity to see them Wednesday afternoon. However, several months of shakedown,
optimization, and eorrelation will he required before these faeilities are ready for dedication
and productive research.

To open the First Sympo-1um on Ship Maneuverabiiity, we are highly honored to have
the Chief of the Bureau of Ships, Rear Admiral R. K. James. The David Taylor Model Basin
1s but one of the seven naval laboratories under the management and technical eontrol of
Admiral James, who is also responsible for cur eleven shipyards and many supporting
activities. The Chief of the Bureau of Ships is responsible for the design, eonstruction, and
maintenance of every ship in the United States Navy. The Eareau of Ships puts more effort
1nto ship research than eny other organization in the world. It is with particular pleasure

that [ introduce to you Admiral James.

- vii




WELCOMING ADDRESS

Dy

'

Rear Admiral R. K. James, USN
Chief, Bureau of Ships
U.S. Navy Department

The Bureau of Ships is interested, of course, in what effort goes iato the field of ship
research, but, even more important, we are extremely interested in what comes out of such
effort. [t is the hardware that is the responsibility of the Chief of the Bureau of Ships. Re-

search leading to it is ar important and major step, but the ultimate resuit is the finished
hardware.

When I was a young naval officer, I had = rere experience that taught me the importance

of maneuverability. I was undertaking the transit of # very resiricted channel in an cuthoard
driven boat where I had been doing some fishing off Ocean City, Macyland. As I entered

the channel, I was almost overtaken by a following sea that was roaring up inside that nar-
row and restricted channel. If it were not for the comvolete maneuverability of that craft, I
might not be participating in this excellent performance today. So I am indeed coascious of
the importance, for many reasons, of the contributions that you a= a group of International and
American axperts can produce in this wield. It is most important that you do get together be-
spuse the field is so limited. In this recard we can henefit by each other’s mistakes and ap-
vreciate each other’s advances in the programs that we are able to conduct coliectively in the
several basins around the world. So I commend you to vour effort. This is a most vital one
to us of the Urited States Navy, as it is to all who go to sea in ships. We have considerable
interest not only in the applied research that is basic to the comment that I made in the bewin-
nirg, but we are eauaily conceired with tue fundamental research which goes on in this area.

I am aware that we put over 2 million dollars a year into the basic fundamental research
in this field of ship maneuverability largely through the management and direction of the David
Taylor Model Basin whicl also touches many dozens of universities and laboratories through-
out our country. The composite effort that goes on in our country, added to that which is done
in vour country for those of you whio have come from abroad, can really produce for us the
kinds of things that we need; and maneuverability is certainly one of them.

[ am asked to welcome you to this gathering. and it is indeed a pleasure, a distinct
pleasure, to extend the welcome of the Navy Department and particularly of the Bureau of
Ships to al! of you who have come from your various offices and institutions around the world.
I trust that you will have a mest successful mecting. In exchanging ideas, I am sure you will
produce for us those things that we need: the most maneuverable vessels that are possible

for man’s inagination to create. Good luck on your work and I hope we will get to see each
other again soor.

vili




SHIP MANEUVERABILITY FRCM THE STANDPOINT OF
THE NAVAL DESIGNER AND OPERATOR

by

Rear Admiral J. M. Farrin, USN
Assistant Chief
Bureau of Ships for Design,
Shipbuiiding, and Fleet Maintenance

U.S. Navy De artment

It iz a particular pleasure for me to be with you today, as an oid alumnus of the Model
Basin, to take some part in this important first meeting on ship maneuverability. In these
days of rapid technological advances, when we have seen such things as supersonic aircraft,
nuclear power, and space rocketry, the more ancient art of naval architecture must not be left
behind. 1think our need today for iinportant advances in the field of the naval architect and
the marine engineer are, if anything, greater than ever before. As vou know, developments in
the field of subniarine propuision and mancuserabiiity have made the submarine a much faster

and a more agile vehicle than any of its predecessors. But, unfortunately, the surface ship

has not kept pace with this. Now, if surface naval vessels are to maintain their competitive
pesition relative to the submarine, 1t is necessary that they achieve a zubstantial increase
in speed and become more maneuverable. This is a military reauirement. Ship maneuverabil-
ity then has to take on new dimensions in this era of rapid change. This change adds orders
of magnitude to the problem which existed with previous conventional displacement ships at
moderate speed.

Today we have hvdrofoil boats, planing crait semisubmerged high-speed vessels, and
hover craft, and with these vehicles we are faced with an entirely new set of stability and
control problems. But even in the slower-speed more-conventional ship, modern naval tactical

evolutions require expert seamanship, and they reauire more precise ship control than has

heretofore heen obtainable. For exar'ple, the Navy performs important replenishment transfer-
at-sea operations that are necessary to supply our combatant ships and proiong their endurance.
Such operations require these ships to maneuver under varying sea. conditions in close prox-
imity to other ships for considerable periods of time. As a result of this requirement our re-
cent designs of naval auxiliaries have stressed improved steering qualities.

This, of course, is not to say that our ability to design maneuverability into ships has
not undergone considerable improvement in recent years. As a result of research we have attained
some understanding of directional stability and its predictions. We have developed tachniaues

of improving the manecuverability of our ships without resorting entirely to the trial and error

methods. It has been some time, I'm glad to say, since we in the Burcau of Ships have heen

X
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faced with a directionally unstable ship, although I recall quite well some 12 years agzo when
we did have this problem w.ith, of all things, the President’s yacht WILLIAMSBURG. At the
time we, of course, gave this problem high-priority high-level attention and came up with a
solution I am sure is familiar to all naval architects. We simply increased the rudder area.

I mentioned earlier that replenishment at sea is a vital problem. There has been a
continuing trend toward replenishment at higher speed. Adverse forces and moments have
thus been greatly incrcased. Mr. Newton will survey this field for us in his paper this
afternoon. But, at the present time, we cannot predict in advance the effect of hull form, lat-
eral and longitudinal ship separation, speed, and rudder characteristics on thc ability of ships
to maintain these close operations. Also we have little basis to predict what to expect if
these replenishment operations occur in rough seas. At present, avoidance of collision, unfor-
tunately, rests almost entirely on the judgment of the ship captain. We think a scientific
input and interest in this problem has been soreiv needed.

Good mancuverability at low specds, especially in restricted waters, as we all know,
is very difficult to obtain. We know, for instance, that our capital ships and large merchant
vessels require delicate handling in canals. Mr. Pehrsson will discuss bow propeliers as a
solution to this slow-speed mancuvering problem. Other devices that may help the problem
are active ruddcers, jet flaps, and cycloidal propcllers. Some problems of mancuvering in re-
stricted waters will also be discussed by Mr. Bindel and Dr. Schoenherr.

But perhaps the most fundamental problemn of all is just what do we niean by
mancuverability. 1t is difficult indeed to ask the ship designer to build in satisfactory con-
trols when we have not determined performance criteria for this. Messrs. Gertler, Gover,
Segel, arnd Nomoto, in their papers, will, I'm sure, shed light on this important area. But,
recardless of the absencc of adequate criteria, the designer still has to provide his ship with
a rudder. It is relatively casy to increase the power of the steering cngine while the shipis
still on the drawing board, but of course, once it is built, this caracity must remain fixed.
The designer thus must have a reliable way of predicting rudder torque. Toward this end we
have, of course, quite a fund of acrodynamic literature which we have extended to the iower
aspect ratios that are asscciated with rudders. Mr. Taplin wili revicw the prcsent state of
the art in this field. But even with this extensive background, we still have much to learn.
What is the mechanism of the unwanted aeration of rudders? llow does it affcct maneuverabil-
ity? Why do the existing tests of model and full-scale forces and moments show such poor
correlation? What is the role of flow separation in this problem?

Through the ingenuity of our personnel and some exccllent facilities, we have mastered
many of the important problems of submarine maneuvcrability. For example, we can success-
fully satisfy the ‘‘opposing’’ requirements of directional stability and control in our subma-
rines, as shown by the submarine SKIPJACK which can be flown hands-off and yet can ma-
ncuaver almost as well as a porpoise does. We hope to achieve capability such as this with
surface ships. Dr. Shiba will discuss some model tests along this line. And of course the

new facilities that Admiral Wright has mentioned hecre at the David Taylor Model Basin should
help answer this guestion.




Scientific probing into the fundamoental hydromechanic problem is essential. Such
probing, I think, is exemplified by Mr. Motora’s paper on ‘‘Added Mass and Moment of Inertia.”
The cesigner needs the tools of both analysis and synthesis. Analysis will tell him the
physics of what is happening and what the various components of the ship coatribute toward
the end resuit. Synthesis enables him to combine these various elements into a balanced,
well-behaved ship. But the scientist has to provide the analytical information.

I am most happy to see the coincidence in time between the First Symposium on Ship
Mancuverability and the opening, as Admiral Wright has mentioned, of the new Manecuvering
and Sea Keeping Facilities here at the David Taylor Model Basin. 1 think in any discussion
of mancuverability, we cannot help but be reminded of the important pioreering werk of the
late Dr. K. 8. M. Davidson, since his early interest in the fundamental problems of stability,
steering, and mancuverability contributed so much te the knowledge of our profession in these
important problems.

The proceedings of this symposium will no doubt bring to light much new information
on all aspects of the mancuvering problem. These should form important milestones in our
progress. We in the Navy Department feel that the First Svinposium on Ship Maneuverability

is a most important event. We have high hopes for a very productive meeting.

SHIP MANEUVERABILITY FROM THE STANDPOINT OF THE
MERCHANT MARINE DESIGNER AND OPERATOR

by

Ludwig C. Hoffman
Chief, Office of Ship Construction

U.S. Maritime Administration

The increasing size end speed of ships bring greater problems of safe operation in
conrested waters and control at high speeds 1n waves. Ship designs are a compromise with

respect to maneuverability, first cost, and course-keeping ability. Obviously, a ship operator

would like to have maxiwum maneuverability in port to minimize the cost of tugs and delays
in docking the vessel. Iie needs a ship which will hcld a steadv course to avoid lost time
and expense incident to unnecessary additional mileage when the vessel wanders off course
or where excessive rudder angles are required to keep the ship on course.

ITull forms and appendages for conventional single-screw, general purpose, dry cargo
ships have been stabilized over the years in the proving ground of actnal service, with the

result that generally acceptable performance characteristics are achieved as a compromise



with first cost and docking expense. This should not be construed as ruling out the possi-
bility of improving maneuverability characteristics of these conventional ships without im-
pairing other desirable characteristics. llowever, it appears that the most fruitful avenues
of research can be found with ships destined for unusual services requiring superior maneu-
vering characteristics. Occasionally, and more often in the twin-screw category, we hear of
conventional designs which have proven inferior from the standpcint of tactical diameter or
course-keeping ability. These instances come to light usually after grounding or collision
which turn out to be very expensive casualties. Modifications for improving the maneuvering
characteristics of existing ships are, of course, many times more expensive than obviating
the difficulty in the first place through use of the model basin tools now available.

The Maritime Administration is quick to encourage design agents and ship operators
to fuliy exploit the facilities available in the tank for this purpose. We consider our con-
struction subsidy participation to be 2 particularly wise investment when the engineering
costs for preparing ship construction contract plans and specifications embrace a comprehen-
sive program of model testing, including maneuvering and seakeeping aspects.

In the de ign and construction of the Coast and Geodetic Survey's ship, SS SURVEYOR,
delivered earlier this month at the National Steel and Shipbuilding Company, San Diego,
Californin, the Taylor Model Basin performed significant maneuvering experiments which cave
a firm basis for selecting auxiliary propulsion. The Coast and Geodetic Survey requires many
of the course-keeping abilities comnion to oceanographic ships, as is fully explained in
Mr. Rosenblatt’s excellent paper to be presented in a few days before the Society of Naval
Architects and Marine Engineers. The experiments conducted with the limited facilities then
available demonstrated to everyore™s reasonable ratisfaction that, for this particular service,
the right-angele drive auxiliary propulsion was superior to an *‘active rudder.”” As a part of
the Maritime research program, we are making availeble to the Coast and Geodetic Survey a
right-angle drive auxiliaty propulsion unit manufectured by Murray and Tregurtha which will
be permanently installed on the 88 SURVEYGR. The service experience of this installation
w:ll be made available to the professien and to the model basins where it is visualized that
correlation testing not only in still water but in waves may be profitable to establish the
degree of reliability which can be placed on such model testing.

With the opening of the.St. Lawrence Seaway, a large group of cargo ships which were
not designed for that particular service nevertheless were used in transiting the tortuous
canals and locks of that system. One of the major elements of extra expense was in repairs
resulting from damage tc ship structure due to collision with the sides of the lecks and the
lack of control of the stips, particularly when they are light in restricted waters and sub-
jected to strong crosswinds. This is one example where a capital investment in auxiliary

maneuvering equipment would be fully justified. T

Stimulated by Messrs. Gertler and Gover’s paper presented before the Chesapeake

Section of SNAME, the Maritime Administration included spiral maneuvers as part of the triai
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agenda of the tanker AMERICAN EXPLORER completed last summer at Ingalls Shipbuilding
Corporation. This is a 20-knct commercial type tanker, now being operated by the Military
Sea Transpertation Service, having rather fine lines for a tanker because of its high speed.
The trials were conducted under adverse conditions of wind with 30- and 40-knot gusts
blowing continuously. An analysis showed that the vessel has good course-keeping ability.
Thus far the operating experience with MSTS tends to bear this out.

However, urlike the AMERICAN EXPLORER, there is an entirely different family of
tankers under construction which inherently will give trouble from the standpoint of their
course-keeping characteristics. Bethlehem Steel Company has recognized this in the case of
the largest tanker in the world, 106,000 tons DWT, now under construction at Quincy,
Massachusetts. At their request, the David Taylor Model Basin conducted extensive studies
with various appendage configurations on this twin-screw design. Judging from experiments,
the cost of the model tests will be repaid many times through improvements which were
achieved in the behavior of the ship based on these tests. The Maritime Administration is
insuring the mortgage of this ship design and is suggesting that spirai maneuvers be con-
ducted, not only to provide the absolute answer on course-keeping ability, but to permit
corrclation between model tests and full-scale performance.

Summarizing from the standpoint of the marine designer and operator, there is a con-
stant battle to decrease both operating ard first costs in the economic struggle for profitable
operation. A highly mancuverable ship can cut down docking fees and tug charges, have
better access to ‘‘up river’’ ports, improve its safety through avoidance of collisions, and on

occasions receive preferential treatment by harbor pilots =0 as to avoid delays required by

the pilot to adjust trim conditions or wait for more favorable tides. When superior maneuver-
ability can be obtained without probibitive first cost and the ship operator is convinced of
this fact, the improvements will be made.

The new facilities in the model basins such as those now being made available at the
David Tavlor Model Basin offer better opportunities to determine in advance of actual ship
construction the gains which can be expected in the field of mancuverability and the relative
cost of incorporsting the desirable features in the vessels. The Departnent of the Navy is to

be commended for its farsighted planning and action in this area.
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THE ROLE OF THE RESEARCH AND DEVELOPMENT LABORATORY
IN THE FIELD OFF SHIP MANEUVERABILITY

by

Dr. Karl E. Schoenherr
Technical Director
Hydromechanics Laboratory
David Taylor Model Basin

The part assigned to me 1n this morning’s survey of ship mancuverability is to discuss
the role played by the research and development laboratory in advancing our knowledge in this
field. To do this adequatelv would require considerably more time than has been allowed on
the program for this discussion. Since time is of the essence, only two choices were open:
cither to cover the whole subject very sketchily, or to cover only a small part of it and do so
in a reasonably adequate manner. The latter course appeared to be preferable. The part
which I elected to discuss is a survey of the work done by the model basins on this side of
the ocean, particularly EMB and TMB, on ship maneuverability within the past forty years. 1|
want to make this limitation clear at the outset, as [ do not wish our foreign friends and vis-
itors to feel that we are unaware of or unappreciative of the excellent work along the same
lines that has been done in other mode: hasins in the world.

The subject of ship mareuverability 1s usually considered to include the determination
of the motion of surface ships in a horizontal plane and the motion of submarines in horizontal
and vertical planes under the action of the hiydrodynamic forces applying on the hull and rudder,
as well as the control of these motions. Tn this broad sense, thercfore, maneuverability has
two aspects: first. the ability of a ship to change course rapidly when course changes are
desired, and, second, the auility for a ship to remain on course when no course changes are
desired. In the past, greater emphasis has been placed on “‘turning ability™ rather than on
course-keeping ability, hut in recent years both aspects of the subject have been receiving
about equal attention. The earlier emphasis on ship turning ability probably stemmed from
the fact that turning characteristics were relatively easy to determine and were important to
know at that time when naval vessels still operated in compact squadrons rather than as single
units, while course-keeping characteristics were not so easy to determine. The work done by
the model basins reflects this attitude. Although steering and maneuvering tests were made
occasionally in the early days, such tests were often made to correct bad steering conditions
found on individual ships already built, or to evaluate patented rudders, such as the Qertz
rudder and Contra rudder, and model turning tests were carried out quite regularly in the

course of developing new vessels beiore construction.
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The old United States Experimental Model Basin had no special facilities for turning

and manevvering tests. Whatever work was done there had to be done in the standard towing
tank. Fortunately, this tank was wider than most contemporary model basins, having a width
of 42.7 feet on the surface, which permitted turning of 12- to 20-foot models through about 90
degrees. In spite of these space limitations, turning tests were begun at EMB as soon as
self-propulsion tests had proved feasible and reliable. This was fostered by the fact that at
EMB all models were made of wood and thus could withstand considerable rough handling,
and that from the start fully appendaged models driven by internal dynamometers were used
instead of wax models with propeller pushed up fron: astern, as was the case at that time in
Eurcpean tarks.

It may be of interest to describe in some detail the technique for conducting turning
tests developed at EMB as this technique grearly inflveenced subsequent development at TMB.
Thte earliest tests were made in 1921-24 on a model of the battleship NEW MEXICO. Some
of the results of these tests were reported in a paper by Ilewins and Roop at the 1931 meeting
of the Society of Naval Architects. However, for present purposes it will be of interest to
repeat the salient point of this investigation quoting directly from the original EMB report.
Report No. 106 dated 1921-24 states:

““In 1918, experiments were made at sea on the NEW MEXICO, fitted with

hydraulic steering gear, and attempts were nade to determine rudder forces and
moments while the vessel was turning under helm. ‘These experiments were
only partially successful, and the opinion was expressed that model experiments
only could further clear the problem. Accordingly, the work of developing appa-
ratus, which would give the desired results, was undertaken at the Model Basin.
This work has been done under many ifficulties, and it was not until 1924,

that successful results were obtained.

“‘The ohject to be obtained, in a model of the NEW MEXICO, self-
propelled at a given speed and running free, was to turn, at a proper monent,
the rudder to a predetermined angle. in a given time, and to furnish simulta-
neously continuous records of rudder force components, torque on the rudder
stock, speed of vessel, curvature of path, helm angle, heel of ves ~1 and
other minor data, all on a time base. All conditions of the experiments were
to be as closely as possible similar to those of the trials of the full-sized

vessel . . ..

[

. .. the width of this hasin, about forty feet, precluded the use of a
model longer than shout ten feet. It involved small displacement, and small
forces, the rudder pressure being of the order of one pound . . . .

““The model was without bilge or docking keels. but was otherwise

complete with four struis, shafting, and propellers to seale, . . "
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Deviating now from the report, I am showin: - ou in three slides the model and instru-
mentation that was used. Figure 1 shows the exterior of the model, the mast erected at the
forward end, and the camera p‘latform directly over the rudder apparatus. Figure 2 shows the
interior, the batteries and propulsion motors, and four small clectric lights—one mounted at
the foot of the mast, one at the masthead, and two on the centerline of the model forward of
the rudder. These lights served to fix the position of the model while turning. Figure 3
shows the rudder apparatus. This apparatus consists of a bedpl;xte fastened to the deck of
model, on which rests a floating platform carrying the rudder and the rudder-drive mechanism.
The two platforms are connected by cylindrical springs in such a way that the upper platform
can move relative to the fixed bedplate with two degrees of freedom. The relative motion of
the platform is measured by four Ames gages, the deflections of which were recorded by
means of a moving-picture camera mounted above it.

Quoting further from the report:

““To obtain the [turning} path of the model in the horizontal plane, znd
other data, an 8 x 10 plate camera, with axis vertical, was secured to the
roof structure of the building, about 20 feet above the water. A disc shutter
was operated at constant speed by a motor, the nlate being thus given short
exposures at constant intervals of about one-half second, and thus a record
was chtained on the same plate, of the successive positions of the various
points of the model traveling under it. These points were small cicetric
lishts, one st a forward masthead. one immediately below it, another aft on

deck, . ~d a fourth, also aft, which was illuminated with the starting of the

steering motor, . . ."’

Runs were made as follows:

““The model was guided by hand, alongside a platform fixed to the
basin carriage, making a straight run with the carriage until the point was
reached where the helm was to be put over. The propelling machinery was
operated during this run, regulated to give the desired speed. When the

proper point was reached, the lights were turned on, together with the

recording camera, and finally the steering gear switch was thrown on, and
the model instantly released. As it thus proceeded free, the carriage was

maneuvered to avold it. At the same time, the vertical camera was operated.’”
Regarding the results obtained on this model and comparison with measurements on
the ship, the report states:
““The above ~greements seem to make further comments unnecessary.
It seems safe to assume that model results will give reliable values for the ship.”

As previously mentioned, the technique and instrumentation developed for the NEW
MEXICO model tests were the basis for subsequent work at EMB and TMB. Subsequently,

frec-running turning tosts were made with larger models in which the turning path and heel
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Figure 1 — Elevation of USS NEW MEXICO Model C & R Dept., Navy Yard, Wash., D.C. 1924

e

Figure 3 — Rudder Dynamometer
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angle but no rudder forces were obtained. These larger mcdels were supplied with power from
the towing carriage through a cable that was dangling from a ‘‘fish-pole’’ vertically over the
model sc as not to restrain-its motion. Verticality of the cable was maintained by allowing
the carriage to follow the model and swinging the pole in azimuth. The path of the model was
recorded as previously described, except that two synchronized cameras were used to cover
the model approach as well as the turn, instead of the one camera used in the NEW MEXICO
tests. As stated, rudder forces in the turn were not measured, but these were approximated
by special straightaway runs in which the model was restrained from turning, and the side
force on the stern of the model and the stock torque were measured. While the limitation of
this procedure was realized, it soon became standard procedure on account of its simplicity
and because the forces measured represented maximum values which arc of primary interest
to the designers of rudder and rudder engine.

As previously mentioned, the methods developed at EMB greatly influenced the design
of tho J-Basin at TMB. This bacin, through which you will be conducted in the course of
your visit, permits the turning of 20-foot models through about 180 degrees. The techninques
of conducting tests in this basin are essentially the same as described in my previous dis-
cussion except for refinements of operation and instrumentation. Thus, the path of the model
15 still recorded by cverhead cameras, but timing by means of flashing the lights on the models
in regulac intervals has superseded the timing by rotating shutters. The measurement of rudder
forces is still done by spring dc{lection, but recorded by highly refined strain-gage equipment.
And, last but not least, the old ““fishing pole’ has become a crane-like structure called a
“rotating chair’’ pivoted at one corner of the carnage.

Figure 4 shows this equipment. To the left is the rotating chair carrying one member
of the test crew who maintains the cable connecting carriage and model in a vertical position,
and in the foreground is the model executing a turn.

I meutioned earlier that model steering and maneuvering tests were carried out at TMB
in isolated cases. Thus, tests were run to measure the effect of rudder movement on shaft
horsepower, tests to determine the ability of river towboats to control long trains of bharges.
tests tc oliserve the vawing motion of barges towed by a towboat In waves, and many more.
lTowever, maneuvering tests of the Kempf type were not carried out before 1940, and tests of
the Dieudonné tvpe, now conducted at TMB as standard procedure, were not made before 1950.

In the early part of the war, the rroblem of maneuverability received increased attention
which led to developments in two directions. First, plans were inade to construct at TAMB a
rotating arm and an X-Y Basin. The rotatinz arm was to be a relatively simple outdoor affair
but the X-Y Basin was to he an immense indoor facility. This basin was to be rectangular
with wavemakers at one end, spanned by a carriage traveling on rails in the direction of the
long axis of the rectangle, and equipped with a second carriage or cab suspended from the
main carriage traveling in the direction of the short axis of the rectangle. The plans for
these facilities were actively pursued, but when it became apparent that they could not be

completed in time to solve pressing wartime problems, work on them was suspended, to be
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Figure 5 — DTMB Planar-Motion-Mechanism
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resumed later. The new Mancuvering and Seakeeping Facilities, which will be demonstrated
tomorrow, are the direct sequel of these earlies plans.

The second development I mentioned was the active support by the Navy of the Stevens
Institute. Stevens, with Navy funds and encouragement, had ccnstructed a 75- by 75-foot ma-
neuvering basin around 1940. Farly tests had shown that useful results could be obtained
with 5-foot models used there. This, and the preoccupation of TME with other work, brought
about that a large part of the turning and maneuvering work that normally would have been done
at TMB was transferred to Stevens. Close liaison was maintained between the two laboratories
so that it is not unfair to say that at that time Stevens was practically an arm of TMB. After
the war Lhis‘close liaison ceased and TMB resumed maneuvering and turning work, proceeding
with the development of suitable facilities that was interrunted earlier.

Up to now my discussion has been confined to surface vessels. Obviously, turning
ability as well as course-keeping ability are of equal or even greater importance for submarines,
torpedoes, and other self-propelled underwater vehicles. At the Experimental Model Basin,
static tests with submarine models 12—15 feet in length were carried out quite regularly from
about 1920 on. In these tests, the model was towed as deeply submerged as possible at var-
1ous angles to the horizontal with and without diving planes, and lift, drag, and moments were
measured. These tests enabled prediction of the effectiveness of various control surfaces,
and no doubt contributed materially to the development of the medern U. S. submarine.

When activities were transferred from [SMB to TMB these tests were continued. bnt
other methods that would enable prediction of the dynamic behavior of underwater vehicles,
as well as the behavior under steadyv-state conditiens, were looked into. It was fully realized
in those davs that the techniques developed by acronautical engineers for determining the
dynamic stability of airplanes could be transferred to submarine work with no essential change
and that the coefficients in the differential equations of motiop for smail departures from
equilibrium conditions could be obtained by forced oscillation techniques. However. instru-
mentation to apply this technique did not progress beyond the sketch stage then and it re-
mained for the vounger generation, notably Messrs. Gertler and Goodman, to develop this in-
strumentation as well as the techniaues for obtaining the coefficients and solving the equations
of motion.

The heart of the instrumentation is the so-called Planar Motion Mechanism, This mech-
anism was briefly described in Admiral Wright’s paper read before the Society of Naval Archi-
tects in 1958, and in Mr. Gertler’s paper presented at the 1959 dedication meeting of the new
model basin in Zagreb, Jugosiavia. To make this talk complete, 1 am showing you the mech-
anism in Figure 5. 1t consists of a tabie attached to Carriage 11, and two long struts connect-
ing the model to the table. The table is pivoted, which permits setting the model to any
desired trim angle. In addition, the struts may be moved up and down relative to the table
in-phase or out-of-phase, which permits inducing in the model a heave and pitching motion
while advancing at steady or variable speed. The hydrodynamic forces on the model are

measured by variable reluctance gages interposed between the model and struts.




Recording and resolution of forces into components is accomplished by a vory complex oloc-
tronic apparatus. The Planar Motion Mechanism is also used for yawing tests of submarines,
by merely rotating the model about its tongitudinal axis through an argle of 90 degrees.

The perfection of instrumentation in the past ten years has made it possible to perform
now also free-flight turning tests on submerged submarines. In such a test, shown by Fig-
ure 6, the model is brought up to speed on a straight course by its propellers and kept on
course and at a fixed depth by manipulating the rudder and diving planes from the carriage,
which is following, and supplying the power. At a given instant, the rudder is thrown over to
a fixed angle and held there while an attempt 1s made to maintain the initial depth. The roll
and heel angles of the model throughout the maneuver are recorded by a gyro mounted in the
model. -

My talk would be incomplete without reference to the state of present knowledge of
the subject of maneuverability of ships and what remains toc he done in the future.

First, I should like to show to you three charts which demonstrate the increased in-
terest in maneuverability as measured by the amount of attention it is receiving,.

The first, Figure 7, shows the relative number of free-running model tests conducted
through the years at EMB and TMB. You will note that the bar praphs are broken down into
sections, each of which shows the type of information to be obtained.

Figure 8 shows much the same information but pertaining to captive model tests.

Previousty, T have not said anything about {u.’-s.=ie tosting because my discussion
is primarily concerned with the role of the research laboratory in the field of maneuverability.
However, EMB and TMB, like all model basins, have heen in clo<e contact with full-scale
work throughout their existence—first as observers on standardizatior trials, then as partic-
ipants, and lately «s rrincipals in conducting special research trials.

Figure 9 shows that full-scale testing is increasing at about the same rate as model
testing. This, I believe, does not stem from distrust of the model results hut from a natural
inclination of the engirear to take no chances. Ships are becoming larger and ever more
costly. Ilence, the expanse ol a proof-test at the beginning of the life of a ship is a small
premium to pay for the assurance that anticipated results are obtained.

As a resnlt of the increased attention devoted to maneuverability, as shown by the last
three figures, much has been learned but a good deal remains to be learned. As background,
let me quote a statement | made at a meeting of Section 12.1 of NDRC held at the Stevens
Institute in March 1944. 1 stated:

““The value of Admiral Taylor’s Standard Series lies in its 1dentifyving
the main variables of ship resistance. We have no such data for turning bhut
we should have something of the sort; that is, i1nformsiion concerning the
principal factors which influence turning and maneuvering perhaps in the form
of charts, <o that it will be passible to predict turning performance for a new

design. The preparation of such data will involve a detailed study of the
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forces on the hull while turning under various conditions perhaps by local
pressure measuroments and by measurements of lateral forces on models’

traveling in circles (that 1s by rotating arm techniques).”’

Since that time, the Stability and Control Division of the Laboratory, under Mr. Gertler’s
jeadership, has devised for submarines something cf the sort I had in mind. Jlowever, iafor-
mation of this kind for surface ships is still lacking. Hence, as I see it, one of the principal
objectives of near-future investigations in the field of maneuverability should be the deter-
mination 0% the factors that make one surface ship maneuver well and another one poorly; in
other words, to find the connecting link between hull form characteristics and turning and
course-keeping ability.

The mcdel test technique guided by theory is the ideal medium to obtain the answers.
Statistical evaluation of full-scale trials is helpful, but progress by such methods is slow
and costly. On the other hand, in the laboratory a very large number of variations can be
tried, one variation at a time, at relatively low cost, and the test conditions can be carefully
controiled. By applying this method ir the superb new fa:ilities now nearing completion I

am confident that useful results will soon be obtained.

Figure 6 — Submarine Model Undergoing Submerged Turning Test
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CLOSING REMARKS

by
R. N. Newton (R.C.N.C.)
Superintendent
Ad:niral'y Experiment Works
Haslar, England

If Admiral Wright will excuse me, [ am going to take advantage of almost the last two
words 1n the program called ““Closing Remarks.”” 1 do not know whether I was supposed to
make these or not but I am certainly going to take advantage on behalf of the foreign delegates

The subjects we have been discussing are approximately 70 vears old, technically and
scientifically speaking, anyway. If you study the bibliography, and incidentally cne can do no
better than to look at this publication by Nils Norrbin, of the Swedish State Tank, in which he
summarizes the whole history right back to 70 years ago, and you will find there have been

about 80 authors on the subject. In the whole of that time, they have written only about 100
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papers, including the papers that have been given at this symposium. The point about that is
that two-thirds of these .papers have been given in the last 15 years. [ don’t think that can
leave any doubt as to the importance with which [ regard the subject, and the need for inter-
national cooperation for improving the knowiedge.

It is in this concept that this symposium on the subject plays a highly important initial
role in spotlighting international interest in no uncertain manner. The value to be placed upon
this international get-together is matehed only by the quality and variety of the papers, and also
incidentally by those additional papers by authors who have not been given the opportunity to
present them. The quality of the oral digcussion has been equally high; it seems to have
reached a crescendo.

If vou need any further proof of the international interest in this subject, then I would
recommend you to the names of the delegates who have been attending. And, of cowse, if
one needs further proof of the intercst displayed in the subject, then study Admiral Wright’s
paper itself where he discusses or describes so many new facilities being brought into use.
(See E.A. Wright, “Some International Aspects of Ship Model Research,” Journal of the
American Society of Naval Engineers, February 1958.)

Now 1 said that as an excuse really. because in the light of that, on behalf of the for-
eign delegates here, may 1 have the utmost pleasure and sincerity in conveying to Admiral

Wright, the Commanding Officer and Dircetor here at TMB, and to those of his staff upon whom

the burden of organization has fallen (and we all know how good that has been) the pratitude
and admiration of all the foreign delegates and of the countries that they represent for their

inspiration and effort< on our behalf and not to ferget the excellence of the social part of the
urogram.

Just to wrap it up, perhaps I might be permitted to coin a phrase which 1 rather feel
reflects the spirit with which this symposium has beer sponsored and conducted. It is very
simple: *‘Research is a process which, properly controlled and amicably conducted without

relevance to creed or politics, brings lasting benefit to all and disrepute tc none.”
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SOME NOTES ON INTERACTION EFFECTS BETWEEN
SHIPS CLOSE ABOARD IN DEEP WATER

R. N. Newton (R.C.N.C.)

Superintendent
Admiralty Experiment Works
Haslar, Englend




ABSTRALZT

In this paper the author summarizes some model experiments and full-acale.
trials carried out to determire the feasibility of the operation of replenishment in
deep water. The magnitude and sense of the interaction force and moment on the
models are plotted in relation to their longitudinal and lateral separation, and
interpreted tc establish the sequence of corrective rudder movements, as one
vessel overtakes another, to maintain parallel courses. The mean rudder angles
estimated from model experiments are correlated to those used on ship trials.

Although the data obtained from these investigations is limited in scope,
some interesting inferences are drawn as to the nature of the corrective action
to be taken to avoid collision when two ships find themselves in close proximity

on parallel or somewhat converging courses.

1. INTRODUCTION

The classic and original work on the reactions of vessels under way and in close
proximity to one another was the investigation carried out by the late Rear Admiral
D.W. Taylor, USN, the results of which he presented to the Society of Naval Architects
and Marine Engineers (SNAME) in June 1909 in a paper entitled ‘‘Some Model Experiments
on Suction of Vessels.”'! Whilst the discussion on this paper was rather dissentient, as
might be expected on a subject not only new and complex but also not without its legal aspects
there was general agreement on the need for further investigations on similar lines.

It is therefore rather surprising that in a brief survey of available bibliography on
interaction effects in ship maneuvering the author has uncovered very little work lc endorse
or supplement Taylor’s work, although there is a wealth of data on investigations into such
effects in restricted waters and canais. The latter has arisen, nc doubt, from the greater
difficulties of navigation under these conditions, and yet when collisions in open deep water
occur, as they still unfortunately do in spite of modern navigational aids, the question imme-
diately arises as to what part interaction effects may have piayed in the accident. Notable
examples which have been the subject matter of papers presented to technical institutions
include the OLYMPIC and HAWKT, 2 and the QUEEN MARY and CURACOA.3 Similarly some
“‘near misses’’ have heen recorded, including that of the cruiser EURYALUS and destroyer
WORCESTER,? and the tugboat SVAVA and suction dredge ROLF.3 The latter case is
significant in that it emphasized the fact that in confined waters, although collision may be

avoided, the event may result in one of the vessels grounding or ramming another vessel or
pier in the vicinity.

1Refex'ences are listed on page 20.
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A most notable theoretical contribution on the subject is described in an excellent
thesis by Silverstein* in which solulions are shown to be possible for mathematically shaped
submerged bodies on the usual assumptions of a perfect fluid and linearization of the boundary
conditions of the surfaces of the modols. The interesting fact emerging from this theoretical
study and that of Havelock,? is that, in spite of the limitations imposed by such assumptions,
the theoretical curves derived for the interaction forces and couples are remarkably similar in
character to those obtained hy Taylor and in the experiments described in this present paper.

It is, however, with some diffidence that the author presents the results of experiments
carried out between 1946 and 1948 at Admiralty Experiment Works (AEW), Haslar, where the
library of publications by other authorities is by no means complete. Consequently he is
conscious of the fact that the Haslar experiments may have been outmoded by more modern ones,
in which case he can only express the hope that the results presented may endorse those
obtained by other establishments.

The investigations at AEW were inspired by a military requirement, in this case the
replenishment of warships with fuel from tankers, a procedure which is now regarded as
commonplace and accompanied by little risk, once the vessels have taken up station close
aboard. 1t is the process of taking up or breaking away from the abeam, or ‘‘fueling’’ position,
that presents navigational risks and which this paper attempts to illustrate.

Two series of model experiments were carried out, the first with constrained models,
one of the battleship H.M.S. KING GEORGE V and the other of the R.F.A. OLNA, to measure
the forces and turning moments on each. In the second series the same models were freely
propelled and controlled from the experiment carriage to study their behavior as one overtook
and broke away from the other, and to record the rudder movements of each.

In addition, trials at sea were carried uut to determine the ability of different classes of
warships to take station abreast of a replenishment ship of similar size and form to the OLNA.

Before describing these experiments and trials, a brief explanation of the cause of
interaction between ships in close proximity would seem te be indicated. Figure | shows the
general character of the pressure field in the vicinity of a ship moving in open water due to
the velocity distribution around the hull. Pressure changes of measurable amount occur at
considerable distance from the hull. Any interference which modifies the pressure field
necessarily has its reaction on the forces acting on the ship in greater or less measure.

A well-known example is the change of sinkage and trim which & ship experiences in moving
into shallow water. The change in the pressure field of the ship is accompanied by a change
in buoyancy distribution which is manifested by a change in sinkage and trim.

Similarly, wuen two ships pass close by on parallel courses the pressure fields mix and
the effect is to produce an unbalanced force and couple ¢ca each ship which rust be counter-
acted by the rudder for each to maintain course or avoid collision. The magnitudes of the
forces and couples, and their sense, varies according to the relative size and form of the ships,

their relative headings, influence of propellers, and depth of water. The ability of either ship
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to take corrective action depends also upon her maneuvering qualities and, in particular,

obviously her response to rudder. Overall, the subject is complicated by the state of sea
and wind.
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Figure 1 — Pressure Field Created hy a Ship in Open Water

It is necessary to emphasize that the contents of this paper are mainly limited to the

effects on fine form models or ships, of one size relation, on parallel courses in deep water,
and in calm weather conditions.

2. EXPERIMENTS WITH CONSTRAINED MODELS

Models of the KING GEORGE V, designated Ship A, and the OLNA, designated Ship B,

were made to 1/50 scale. Ship particulars represented by the models are given in Table 1.




TABLE 1

“ltem 3hip A Ship B
Length on W.L., ft 740 567
Beam, ft 163 70
Draft, ft 29.3 30
Displacement, tons 36,890 23,510
Block coefficient 0.611 0.714
Corresponding depth of water 75 fathoms

The models were towed on parallel courses at different positions relative to each other
longitudinally, over a range of corresponding speeds from 10 to 20 knots, and at two separa-
tions, 50 and 100 ft, beam-to-beam transversely. The models were allowed complete freedom
vertically, and fitted with rudders set amiéships but without propellers. One model was towed
on the resistance dynamometer on the middle line of the carriage and constrained on a straight
course by lateral force guiders (as normally used for determining initial ship moments in rudder
experiments) attached near each end of the model. The other model was towed by a rigid con-
nection on a parallel course by guiders which prevented vaw but allowed vertical freedom.
This procedure was then repeated to reverse hand, measuring on the other model. Additional
experiments were made in the abeam position for various separations from 25- to 150-ft
beam-to-beam. In all, the series of experiments involved about 1500 runs.

The forces measured at each lateral force guider, i.e., at each end of the model, have
Leen converted to a single force acting at the ‘‘neutral point’’ positioned 0.2L from the bow
later.
It should be noted that in Figure 9 of Reforence 6, the forces were converted to the c.g.

and a couple, or turning moment, about this point. The reason for this is explained

position. The forces and turning moments thus determined are plotted nondimensionally for
50-ft and 100-ft separation in Figures 2 and 3, respectively, to a base of longitudinal separa-
tion between the amidship points as A overtakes B from 600 ft astern to 600 ft ahead.

Referring to the lateral force curves, as the bow of A begins to overlap the stern of B,
a force of repulsion develops on each and increases to a maximum when the bow of A comes
abreast the midship point of B, becomes zero as the bow of A comes abreast of the bow of B,
and charges sign to a force of attraction which reaches a maximum soon after the ships come
abreast. As A begins to pass B, the forces undergo similar changes but opposite in sense.
The greatest force is one of attraction arising from the addition of the ships’ suction {iclds as
they come abreast. Similar forces act on B, in the same sense and nearly in phase with those
on A. It is worth noting the actual magnitude of these forces of attraction — about 26 tons on
A and 35 tons on B when they are moving 50 ft apart at 10 knots, and four tiries as large at

20 knots. The forces are nearly halved when the separation is doubled to 100 ft.




— 45
/—\\
/ \
,/ \ — = —— MOMENT CURVES k-0
SHIP %/ \ ———- FORCE CURVES }
/ \
[
/ R
i \‘ ,,,,,, o
/ \ [ L
|
/ \ ! \
/ n |
L |
[ \ N
10 + / N i 20
g T
u 1
V]
a
O
u
Z
o
-
x -
N L
N\«
|
¢ w
ou gy
o
& Y
w\ ;
\_§
5
o
o
©00 400 200 o] 200 a00 o0
LOMIITUDINAL SEPAQATION IN FEET
o320 197
Cﬁ o 06! ~ »
- ' * r? ncai ? G/ ‘]’*x’ @ \‘
2 N - 2 SR
® Yo @ eas Y
137 ’30‘.‘. e !o 28 e 0285

w 20 .

a

Swol_g— 1

L q

= (o]

4 Z

4 0

u \Q\

w o

S w2 L

(3:' 00 4 400

4 ‘é LONGITUDINAL SEFARATION IN FEET
A ASTEAN OF B

A AHEAD OF &.

]

0

[+ 4

g

<

-

2

63

z

Q

o

-

z

b
<

€%
x
o
-
P

g; )']v

|8

a Qv

< N

2 2

-/

z

&

7

by

Q

b3
Qi

-~ yo9s

Figure 2 — Measuted Interaction Forces aad Mfoments and Correcting Rudder Angles

Fifty-foot separation beam-to-beam.




00

30
— — — —MOMENT CURVES °
—————FORCE CURVES e
<
w _ SHIP B 2
Y4 SHP B - //\’N— 205
: :
v s}
Q &
L] =
< §
T np T
< 0G4
- F ©
¢« .
Q —~
X o L
ANy 9 :IJ
< >
s | $ 7
> \ cl
@u. [e] o z %
Sz
™ 2 = 53/
/¥ - o
2 -
X z
m} N ¥
, ~ o
2.0l Q0 £
w00 400 200 [o] 200 400 ©00
LONGITUDINAL. SEPARATION IN FEET
o6 027 I A 072
0006 . ‘ A
O] ® .2"75 sup 192 @ }o7?
_ Yoso ~=¥’ o0 |
0-96 ’J-AZ - 28 ‘ e ?047 )om
osa o9
- é _Yos <
43 7 26 } =
® \ow @ a8 ©® Jox O
N -O1
- o4 P e yoe?
n
y
O
W] ]
Op O
5 [ g I_%/
] SHIP 1 \
?( ol % SHP A, ‘/ ~J
u P‘é ul ~— B
("1}
o
Bol %
26003 300 355 260 400 600
'3 LONGITUDINAL SEPARATION IN FEET
A ASTERN OF B A AHEAD OF B

Figure 3 — Measured Interaction Forces and Moments and Correcting Rudder Angles

One hundred-foot separation beam-to-beam



The turning-moment curves follow a similar oscillatory trend. Before A begins to
overtake B, she experiences a small bow-inward turning moment which at first increases and
then decreases to become zero just as her bow comes abreast of the bow of B, and then
changes to an outward turning moment which reaches peak value just as their sterns come
abreast. From here on, the outward turning moment decreases to zero as the stern of A passes
the amidship point of B and changes to an inward moment which is still quite appreciable when
the ships are quite clear of each other. The turning moments on B follow the same trend, but
lag behlind those of A.

It is shown later that it is impossible to keep the ships’ heads on course as in the model
experiments by applying correcting rudder, and that to achieve simultaneous balance of inter-
action force and couple, the ships must yaw slightly.

The results of the experiments at various separations between 25 and 150 ft for the
abeam position only are given in Figure 4.
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Realization that these constrained model tests, whilst providing good indication of
interaction during approach and breakaway, should be accepted with some reserve since the
results apply strictly to ships at equal speed on parallel courses, led to the second series of
tests with identical but freely propelled and remotely controlled models.

3. EXPERIMENTS WITH SELF-PROPELLED MODELS

The two models were controlled by the well-known “‘fishing line’’ technique which is
illustrated diagrammatically in Figure 5 and needs no detailed explanation.
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Figure 5 — Diagrammatic Arrangement of Self-Propelled Model Experiments

The models were complete with true-to-scale propellers and rudders. The propellers
were driven by motors in the models, the speed of the motors being controlled by rheostats
on the experiment carriage. The rudders were actuated by M-motors controlled from the

carriage, and the controls were so arranged that the maximum speed of putting the rudder over




was approximately teue to scale for the ships. The motion of the controls for the M-motors
was recorded on drums on the experiment carriage, thus giving a continuous autographic re-
cord of the ruddor angles used during the various maneuvers tested. The experiment carriage
was run down the tank at various uniform speeds corresponding to from 10 to 20 knots, and
Model B was maintained in constant relation to the carriage by appropriate application of the
controls of the propelling motors and rudders. Course and speed of Model A were obtained by
visual observation of the relative longitudinal position of the two models and the transverse
position by sighting from the carriage. The longitudinal position was recocded on the same
drum as the rudder records by an observer following the models down the walking way of the
tank and closing a bell push switch as Model A passed various sighting marks on a graduated
batten carcied on Model B,
The following maneuvers were investigated for approach, ‘‘fueling,” and breakaway,

for transverse separations when fueling at 50 ft and 100 ft.

a. A overtaking B from stern to bow on a straight course.

b. A approaching B fine-on-the-quarter and taking up fueling position close aboard.

c. A breaking away from the.close-aboard position on a divergent course and maintaining
speed.

d. A on a parallel course well away from B, easing in to close aboard.

e. Runs with tho models maintained in various relative positions as in the constrained
model experiments.

When in the fueling position there was no perceptible yaw in either ship, confirming
deductions from the constrained experiments that the angle of yaw necessary in association
with the rudder to balance the interaction forces and moments would be very small.
Considerable movement of the rudder sbout its mean position was required, however, although
the exureme ancles were well within the maximum angle of 35 deg.

Considering the relatively short length of run available in the confines of the tank, and
tho fact that the rudder operators had only 1/7 the time in which to anticipate and correct
yaw compared with the helmsman in the full-scale ship (the models were made to 1/50 scale
to minimize tank wall interference), the large fluctuations in rudder movement were not
surprising.

In spite of these difficulties, however, the feasibility of the operations (a) to (d) was

demonstrated conclusively and it was decided to carry out full-scale trials of the same type.

4. SEA TRIALS

The ships engaged in these trials were the replenishment ship BULAWAYO, battieship
DUKE OF YORK, aircraft carrier ILLUSTRIOUS, cruiser SUPERB, and destroyer DUNKIRK.
For the purpose of this paper, we are particularly interested in the interaction effects between

BULAWAYO and DUKE OF YORK, but some observations pertaining to the other ships and
relevant to the subject under review are included.
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Each warship in turn was to approach the replenishment ship by the astern method
(overtaking on a close parallel course), by the abeam method (overtaking on a parallel course
far out until abeam and then closing in whilst maintaining station abeam), and fine on the
quarter (overtaking from far out on a convergent courss). After maintaining station abeam for
about 20 minutes at speeds of 12, 15, 18, and 20 knots, the warship was to break away either
by reducing speed and dropping astern on the same course or by turning away on a divergent
course whilst maintaining or reducing speed.

In each ship the rudder angle was recorded autographically and the compass bearing,
distance apart, rpm, and speed by log noted at regular intervals. The depth of water in the
trials area averaged 30 fathoms, and the weather and sea conditions were generally moderate.

The trials led to the following general conclusions:

a. Approach from abeam is the safest method and has the advantage over approach from
astern or fine-on-the-quarter that speed can be adjusted on the parallel course far out, so that,
when the ships close, there is no tendency for the approaching ship to surge ahead or astern
of the abeam position. The last two methods are, however, more expeditious and would be
advantageous in small warships which are more maneuverable and can change speed more
quickly than large ships. Approach fine-on-the-quarter is considered preferable to that from
astern, in view of the rapid changes in the directions of the interaciion forces with fore-and-
aft position.

b. The best method of breaking away is by turning off on a divergent course, either
maintaining or reducing speed. Breaking away by reducing speed and falling astern on a close

parallel course would be practicable only in a smaller mor2 maneuverable warship, but even
in this case has no obvious advantage.

c. Approach and breakaway maneuvers and maintenance of the close-aboard positions can
be carried out with equal facility betwcen 12 and 20 knots in moderate weather conditions.

In rougher weather, the trials with BULAWAYO and SUPERB indicated that a wide fluctuation
in angles of rudder carried by the ships is to be expected. Thus, although the mean angles
carried would be small, the amplitude of variatioa necessary to maintain course (particularly
with wind and sea on the quarter) would prevent the use of the higher speeds in this range.

d. It was not possible reliably to assess the effect of the interaction on the speed of the
ship, but only in the case of the destroyer was there any appreciable variation with change of
separation, the destroyer tending to drop asiern as the distance closed, and vice versa. The
records of propeller revolutions, however, showed that the smaller of the ships engaged, in

gencral, carries less revolutions than necessary for the nominal speed, suggesting that it is
receiving assistance from the wake of the larger ship.

Comparison with the model expsriments is possible only in the case of the DUKE OF
YORK and BULAWAYO. The DUKE OF YORK was a sister ship of KING GEORGE V

(Ship A) and BULAWAYO (580 ft by 72.5 ft by 25 ft by 20,000 tons) was of similar size and
form to the OLNA (Ship B). The comparison is also limited to the correcting rudder required

11




by both ships in the abeam pogition, as the BUKE OF YORK used the abeam approach as

opposed to the astern approach simulated by the model tests. A summary of the four runs
carried out is given in Table 2.

TABLE 2
Run 1 2 3 4
Mean ::;:)zlaa:'o?t, beam 125 110 105 115
A {s | A {8 | a8 | a les
P es " [123 120 | 155 |10 | 182 | 10 | 197 | 20

Min. 0.0 9.0 0.0 1.5 0.0 4.5 0.0 1.0
Mean 5.0 | 13.0 6.0 | 12.0 6.5 | 10.0 6.0 8.0
Max. 13.5 | 17.5 | 16.0 | 16.5 | 15.5 | 14.0 15.0 | 14.5

Rudder angles deduced
from model experi- 4.5 8.0 5.0 9.0 5.
ments, deg

Inboard rudder
angle, deg

9.0 5.0 8.5

()

The minimum and maximum rudder angles quoted for the ships are the average figures
negiecting abnormal values. The rudder anglesnfor the models were deduced from the con-
strained model experiments as described in Section 5. As the table shows, correlation
between mean rudder angles estimated from the model experiments and those used by the ships
is quite close. Typical records of rudder angle used by both ships when proceeding close
aboard are given in Figure 6, and these bear out the wide variation in correcting rudder found
necegsary with the self-propelled models, although those on the ship were not so large or
erratic, for the reasons previously stated. It will be appreciated that since these early sea
trials were carried out, the technique of controlling ships close aboard has improved greatly
and nowadays the variation in angle of rudder used is quite small.

It is interesting to record some other observations during these trials with
DUKE OF YORK and BULAWAYO which are pertinent to the subject under discussion.

(1 ) Although the battleship approached the replenishment ship by
the abeam method only, BULAWAYO reported a noticeable
effect on steering, even at the lower speeds, as the bow of
the DUKE OF YORK passed the stern of BULAWAYO
several hundred feet away.

(ii ) The propeller ravolutions of BULAWAYOQ were quite steady
during each run at the values appropriate to the nominal
speed of the run. Those of DUKE OF YORK also were

steady, but generally corresponded to slightly higher speeds
than the nominal speed.
12
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(iii) The transverse distances between ships varied during each run,
sometimes appreciably. The closest approach occurred during
a 20-knot run when the distance closed to 58 ft. BULAWAYO

then sheered off course away from DUKE OF YORK at about -
4 deg, but within a minute the distance was increased to

120 ft and the course restored.

(iv) The ships maintained station with little fore-and-aft variation
at all speeds.

(v ) The mean angles of inboard rudder carried by BULAWAYO
decreased as the speed increased, from 12 deg inboard at
12 knots to 8 deg inboard at 20 knots. The mean angles of
rudder carried by DUKE OF YORK, however, were approxi-
mately constant, namely 6 deg inboard, at all speeds. On
two occasions, the angles cf rudder carried by BULAWAYO
increased momentarily considerably beyond the average
maximum values given in Table 1; viz., to 23 deg and 24 deg
during the 12- and 20-knot runs when the ships closed to
60 ft and 55 ft, respectively, at these speeds. The rudder’
angle records of DUKE OF YORK do not show any corre-
sponding abnormal increase at 12 knots, but at 20 knots the
angle was increased momentarily to 21 deg.

(vi) Although the arrangements for measuring relative yaw between the
ships in the abeam position were not very satisfactory, il was
clear that each ship carried a bow-outward yaw of small

magnitude, thus again bearing out the conclusion reached from
the constrained model experiments.

5. INTERPRETATION OF DATA

In the first place, it is necessary to explain the method of presentation of the force
and moment curves in Figures 2 and 3. As already noted, for each position of one model
relative to the other, two forces on each were measured, at the positions of the guides; i.e.,
Fl and F, in Figure 7. These two forces can be represented by a single force F, = ¥, + F,
and a couple ¥, the magnitude of which depends upon the position about which moments are
taken. It is convenient to choose a position for F; conciding with this position and which is
related to the action of the corrective rudder which must be applied to keep the ship on course

and which is also associated with the force and couple set up as a result of any small yaw

which the ship may take up. Such a point is the ‘‘neutral point” N at which, neglecting

teansient effects, any lateral force applied will not cause a change in heading although it

will cause a change of course. The neutral point has been shown by experiments at AEW
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and from data given by Rydill7 to lie well forward of the center of gravity, and has been taken
at 1/5 the length of ship from the bow. The position of the neutral point is assumed constant
for small angles of yaw but varies with the type of ship. It should be pointed out, however,
that if a different position were chosen for this neutral point, say 0.25 to 0.15L from the bow,
this would make no difference in principle to the discussion on use of corrective rudder which
follows later.

Referring to Figure 7, it will be seen that if no corrective rudder action is applied the
interaction moment will cause the ship to yaw outwards, bringing its stern towards the other
ship. As the ship yaws. a hydrodynamic force due to it will come into action at the point N,
as shown in Figure 8. If, now, correcting rudder is applied as shown, this will counteract the
interaction moment and bring the ship back to a position of equilibrium at a small angle of yaw

to the direction of advance. In this position, assuming a steady-state motion, we have for
equilihrium:

FrxAL

M, (2]

where AL is the distance of the center of pressure of the rudder from the neutral point.

It will be appreciated that the above simplified analysis involves other assumptions
than those already quoted, the more important being:

The system may be treated as one of steady motion.

The interaction forces and moments are unaffected by the action of the propellers,
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DIRECTION OF ADVANCE
HEADING

Figure 8 — Forces and Couple Due to
Interaction; Rudder and Yaw

c. The interaction forces and moments are unaffected by the small drift angle taken up

by each ship or by the movement of the rudder.

Assuming the validity of Equations [1] and (2], it is seen that, although the moment of
the force from the cudder can counteract the interaction moment, there may be occasions when
the rudder force will be insufficient to balance the interaction force unless the ship yaws
siightly to produce a lateral force opposing the interaction force.

For moderate rudder angles the transverse force produced by the rudder can be expressed
as

Fgr =0.03 AV20

where A is the rudder area in square feet,
V is the ship speed in feet per second, and
0 is the rudder angle in degrees.
Substituting for Fp in Equation [2] gives the relation

M,
0= —m
0.032A4V2L
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- w, - |
and for Ship A 0 =174,300 | ——— (4]
p/2 V2L3
B
Ship B 6 = 50,400 | ————— 5]

Using the moment curves, the values of correcting rudder 6 have been calculated from
these formulas and are plotted in Figures 2 and 3. The direction of the correcting rudder
required is shown in the small diagrammatic drawings in Figures 2 and 3. o

It is then found, however, that the rudder force estimated from Equation [2] is not
always large enough to balance the interaction force, and to effect a coniplete balance each
ship must yaw slightly to produce an opposing interaction force. For instance, when the ships
are abeam there is a force of attraction between them and couples tending to swing their bows
apart (as Figure 7 and position 4 ir Figures 2 and 3). The rudders will therefore be required
to be turned inward, but the ships will settle down at a small outward angle of yaw {as Figure
8)j. The yaw angles for both ships have been estimated approximately, using the results of
some recent experiments at AEW in which lateral forces and moments were measured at
different speeds and angles of yaw on a mathema’ically shaped model. The results are

tabulated in Table 3, for a speed of 10 knots at 100-ft separation.

TABLFE 3
‘ Item Ship A | Ship B
Interaction Force F,, tons 60 78
Rudder Angle 6, deg 5.5 9.8
Rudder Force Fp, tons 30 36
" Yaw Force 'y =7, — Fp, tons 30 42
Yaw Angle (estimated), deg | 1 1.5

The above figures are necessarily approximate, but they serve to indicate that, in spite
of the large forces involved, both rudder angle and yaw angle are small, provided the ships are
not allowed to approach one another too closely.

Referring to the small diagrammetic figures in Figures 2 and 2, it will be seen, however,
that there are positions when both the interaction force and couple are tending to draw one ship
into the other. Such positions are three for Ship A and five for Ship B. If now correcting
rurdder is applied to counterbalance the interaction moment, ihe ru‘dder force adds fur.','her to the
force of atteaction. In these positions it is necessary to apply sufficient outboard rudder to
overhalance the interaction moment and produce an outward yaw so that a yaw force is again
introduced which will counteract both the interaction forco and the rndder force. These con-

ditions persist, of course, cvor an appreciable longth of travel and are not merely momentary.,
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During this transient period, although the ships may be drawn closer together transversely
initially if the rudder applied is sufficient tc produce a large enough yaw force, then the ships
should avoid collision provided always, of course, that the initial transverse separation is not
so small that the available rudder cannot correct the inward swing causad by the interaction
couple.

It will be seen that these positions three and five are quite close to the fuily abeam
position when opposite rudder has to be applied to keep the ships on course. In a short space
of time, therefore, the rudder has to be swung from outboaed to inboard, and the moment when
this has to be done is ohviously not easy to choose so that in these positions there is con-
siderable navigational difficulty and risk.

If, when apprcaching positions three and five, the lateral separation of the ships is so
small that there is insufficient rudder available to counteract the interaction moment or
insufficient time for it to take effect, it would seem that a collision is unavoidable except
that any reduction of speed on the part of the astern vessel, thereby reducing the interaction
effects, must reduce the risk. In brief, the onus for avoiding action would appear to rest
upon the astern ship, except that the ahead ship can probably ease the situation hy breaking
away on a divergent course.

In the absence of similar investigations into the case of ships passing in opposite
directions, one can only counjecture as to the degree of risk. From first principles the same
type of interaction occurs but the interaction forces uct for a shorter time and are therefore
less likely to “ring atout a collision. .

The case of two ships which find themselves close and traveling in the same general
direction on converging courses would likewise require separate and more complex investiga-
tion, and yet some guidance, if not comfort, can be derived from the experimenis with sclf-
propelled models and sea trials described previously. The safest action in such a case would
seem to be for both ships to reduce speed as much as possible and lessen the convergence
rather than that they should maintain course or that either should try to increase the conver-
gence and cross the path of the other. This was clearly demonstrated by the model experi-
ments described in Robb's paper.3 Although such action would constitute a departure from the
international regulations for navigation at sea, it is permissible under these regulations when
collision appears probable.

These observations assume calm weath_r conditions. In inclement weather, as indicated
by the sea trials carried out with a cruiser and replenishment ship, the risks involved would be
increased. The larger variation in rudder angle alone must make control more difficuit and the

direction of wind and sea probably more so.

6. CONCLUDING REMARKS'

As already intimated in the introduction to this paper, the discussion which followed
Taylor’s paper in 1909 introduced some fallacious arguments which have since been reiterated.

For instance, one speaker, basing his remarks on experience on the Great Lakes, was convinced
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that the propeller is the most potent of all the factors causing interaction effects. A few
comments on this particular aspect, in the light of the results of the investigations under
review, would not be out of place.

Wken a propeller is working, it modifies the pressure field around it and must therefore
influence interaction effects tQ some extent. Measurements of pressure in the region of the
propeller, however, show that the pressure changes due to it fall off rapidly with distance and
would not, therefore, significantly affect interaction. It is notable that a propeller only 1 in.
off the false boitom in the No. 2 Ship Tank at AEW gives the same thrust and torque as in
deep water. As another indication of the smallness of propeller effect, the augment of
resistance which is due to suction ahead of the propeller seldom exceeds about 15 percent of
the resistance, so that the unbalanced component arising from this suction when modified by
a ship in the vicinity would be expected to be almost negligibly small.

Doubts have also been cast as to the significance of interaction offects in deep water,
as opposed to shallow water. For instance, in Reference 3, ore contributor to the discussion
stated that ‘‘the practical seaman regards interaction in deep water as an interesting legal
argument which is not borne out in practical experience.” This statement was made in spite
of its being clearly demonstrated by the remote-controlled model experiments reported in that
paper that interaction effects can have the most serious consecuences. The experiments
referred to, however, gave no indication of the general nature and magnitude of interaction
forces and moments. It is felt that the results of the model and full-scale tests now reported
should leave no doubt as to the significance in magnitude and varying nature of the interaction
effects, nor as to their influence in cases of collision which have occurred and may occur
again,

It is abundantly clear from the.results that the magnitudes of the fcrce and couple on
cach ship vary approximately as the speed squared, approximately inversely as beam-to-beam transverse
separation, and oscillate in sense with longitudinal separation. These forces and moments
begin to operate from before the time when the ships begin tc pass until some time after they
have passed. In the course of passing, the forces and moments undergo changes in magnitude
and sense that can, generally speaking, be counteracted by rudder action, provided the ships
are not so close that there is insufficient rudder angle available to do this, and that there is
time for the rudder to take effect.

Broadiy speaking, if two ships find themselves on close and more or less parallel
courses for any reason, such as poor visibility, the sequence in corrective rudder angle
required by both ships appears to be outward to inward to outward as one begins to overhaul,
comes abreast of, and then overtakes the other, respectively.

Perhaps the most important aspect of the investigation is that during this process there
are two positions of one ship relative to the other in which application of rudder to prevent her
swinging across the course of the other adds to the force of attraction. In the case of the two

ships considered in this report, one considerably larger and longer than the other, this occurs
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in the longer ship when her amitlships point is in the range 1/3 to 1/6 of her length astern of
the amidships point of the shorter ship. Similarly, in the case of the shorter ship the condition
arises when her amidships point is in the range 1/3 to 2/3 of her length astern of the amidships
point of the longer ship. The situation is, in fact, more serious for the smaller ship, as would
be expected. ‘

Whilst the results reported cannot be applied to the general case of ships of widely
differing size and form, nor *o the effect of inclement sea conditions, it can be claimed that
they indicate that model experiments can at least establish guiding principles in this complex
subject.

The new and larger facilities now becoming available, with their equipment for wave
gener’étion and modern techniques, present an opportunity of widening the scope of such
investigations into interaction effects which should not be missed. The subject can be
regarded as a special branch of the general subject of maneuverability, and since it is of
international interest we may perhaps look forward to its being included, at some future date,
in the deliberations of the Mancuvering Committee which is being set up by the International
Towing Tank Conference in September this year.
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_ DISCUSSIONS
C. G. Moody:

Mr. Newton’s paper is particularly welcome at the Taylor Model Basin where studies
on the subject of interaction effects between ships during replenishment-at-sea operations
arc currently being conducted.

The technique employed in the Taylor Model Basin tests is essentially the same as
that described in the paper—the prineipal difference being that at Ils=!zr one model is spot-
ted in successive positions along its course while the forces and moments are measured,
whereas at the Taylor Model Basin the usual procedure is to run one model slowly past the
other while the forees and moments acting on the models are recorded continuously. An ad-
vantage of the latter method is that some irr2gularities in the force-and-moment curves are
brought out which might otherwise escape notice. These irregularities are largety due to
wave cffects. They are negligible in some instanees but very pronounced in others.

Where the wave trains of the two vessels are superimposed along the side of one hull,
there are appreciable pressure effects, which in some instances are augmented by the reflee-
tion of the bow wave of one vessel from the side of the other. It may be of interest to note
in this connection that at high speeds, long wave hollows may be superimposed upon the re-
duced pressure, or ‘*suction,’’ field of one vessel at a considerable distance away from the
other. Under such conditions the wave crests are likely to he espeeially steep and sharp, so
that 2 smuli vessel may even broach-to in them and sheer in toward the other ship.

In the Taylor Model Basin iests, the relative motion of the models can be stopped or
reversed, and the effeet of different relative speeds can he investigated. The relative speed
of approach or departure is a consideration of particular interest in the replenishment of
small, fast, full-bodied vessels.

The Taylor Model Basin replenishment-at-sea tests have generally been run with the
models self-rrorelled to represent the effect of the propeller slipstream on the rudder. The
idea nersists that the rropeller has a signifieant effect upon the interaction of ships, and
was broucht up recently in conneection with the oreration of ships in the St. Lawrence
Waterway.* There is some truth in it in the case of a ship in confined water. When a large
buik eargo vessel is proceeding under its own momentum along one bank of a eanal with the
rudder amidshir, the effeet of starting the propeller is to inerease the velocity of the flow
around the stern. On the side of the hull adjacent to the wall where the water is confined in
a small space, the cross-seetion area of the flow is restricted and the veloeity of the flow is
inercased. Vessels of this tvpe generally have very full water lines aft, which deflect this
flow away from the wall and thus produce a steering effeet. In eonjunction with the Venturi
effeet, this produces hvdrodynamic force that tends ‘o draw the stern in toward the bank.

Nevertheless, where a rudder in the propeller slipstream is used to correet this tendeney, the
net effeet of the propeller action is usually beneficial.

*Hauck, P.F. and Connell, T.P., ‘‘Destroyer Seamanship in the St. Lawrence Seaway,’’ The U.S. Naval
Institute Proceedings, Vol. 86, No. 3, pp. 131—137 (Mar 1960).
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A. Taplin:

Mr. Newton’s explanation was extremely clear. However, I would like to ask a ques-
tion as to what effect the sea has on the ability to hardle ships during replenishment.
Mr. Newton mentioned that the interaction force increases with the square of the speed.
Offhand, it would seem that the force on the rudder and the force on the yawed hull would
also increase with speed squared. On that basis alone we would have a little trouble, but
there are two other effects of speed that come to mind. For example, when two ships are
100 feet apart and are going fast, they will close that distance more rapidly than they would
have at slow speed. Also, the bow waves are extremely different at high speed. Specifically,
is there anything other than the bow-wave effect and that the distance closes more rapidly,

that makes high-speed replenishuent difficult?

B. Silverstein:

I enjoyed seeing that the experimental data in Mr. Newton’s paper exhibited the same
trends as thoze shown in my paper on linear theory of ship interaction; that the lateral force
diminished inversely as the distance between the ships. It also came out theoreticaliy that
the force would vary in an uscillatory manner with the longitudinal distance, and this was
checked experimentally. [ would be very much interested in trying to check in detail the re-
sults of the theory against the forces and moments you measured.

My paper ended with a rather complicated equation which did not lend itself to casy
calculation. I appreciate the fact that I now have experimental data to confirm the equation.

You mentioned earlier that one of the key problems was not just calm water, but what
is the behavior in a seaway? This is a very complicated addition to the theory but I think it
15 the important probiem. We are beginning to understand about calm water, but the

replenishment-at-sea operation in rough water is the difficult problem.

J. P. Breslin:

[ was somewhat interested in the question that people have raised in the past about
“the possibility that the propeller might play somewhat of a role in the interaction effect. 1

would like to add a small voice to the opinion that Mr. Newton has ably expressed that cer-
tainly in deep water one should not expect the propelier to influence interaction very much
since the pressure field decays so rapidly. T think a quick way of getting at this is to real-
ize that the propellér thrust force is roughly enual and opposite to the drag of the ship, and
the drag of the ship is a small fraction of the displacemenrt, in the order of 2 percent, per-
haps possibly in the order of 10 percent, at the most.

I would like to hear some mention as to how big these forces are; what their limits are
(if the ships were allowed to touch) in fractions of the displacement; what order of magnitude

of forces we are talking about.
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H. E. Saunders:

As the result of a study having to do with the modernization of the Panama Canal which
was carried out at about the same time that Ilaslar was doing the work described by Mr. Newton,
the U.S. Army Engineers established the following requirement for a modernized canal: When
one ship passes another, or performs any type of operational maneuver that could be assumed
to happen in the course of operating in the canal, it should be possible for each ship to per-
form its share of the maneuver, barring accidents or any unforeseen circumstances, with not
more than one-third of the total available rudder angle. In other words, if the total available
rudder angle was 30 degrees, then the model tests should show (and the model tests eventu-
elly did show) that not more than 10 degrees of rudder would be required by the pilot (throush
the steersman and the controls) to handle the ship in the normal manner; leaving the other two-
thirds of the rudder angle for emergencies and times when the commanding officer has to exer-
cise his own discretior. Incidentally, as the ships get too close, there isn’t anything the
commanding officer or anybody else can do.

Although it is an operational feature, and perhaps has no part here, it is just as well
to remember that in any operation of this kind, we must not count on using too much of the
available rudder angle ior nornial operation. We have tn leave plenty of reserve for the forces
thet we don’t anticipate, or for the forces that become too large, or for some other effects

such as wind or third ships and so on, which come into the picture.

Author’s Closure

1 was very pleased to hear what Mr. Moody said about the latest techniques at TMB.
One should really make one model pass the other in order to get the transient effects, which
obviously aifect the situation, whereas in the Haslar experiments they were in definite
positions.

The main point of what Mr. Moody said has to do with wave .action. He developed this
point by describing how the two waves of the ship marry, and said that you can get in danger-
ous conditions wherc the forces are quite large. This was horne out by the sea trials of the
KING GEORGE V and the OLNA, and the figure I remember is that when the battleship ap-
proached the replenishment ship, 800 feet away, as her bow began to overtake the stem of the
OLNA, the OLNA was forced to use 5 degrees of rudder to keep on the course. That’s a long
distance, and it was obviously a iarge force.

Mr. Taplin asked a rather awkward question: Is there any other ractor other than the
bow wave or the pressure field effect which can make this operation of replenishment more
difficult? 1 would immediately say that, at high speed, you of course have far less time to
take avoiding action if you start the maneuver wrong. But from the sea trials of the KING
GEORGE V, it is perfectly clear that this operation can be done safely with some ships up to
90 knots. The sea trials and the model tests were done at 10 to 20 knots, and the same rudder

angle, roughly speaking, was measured on both ships, whatever the speed within that range.




Dr. Silverstein confirms that the experiment was borne out in theory. I might say that
not enough people realize that more comes out of the marriage of theory and practice than
from out of either, and this is a beautiful example of that.

Dr. Breslin wants to know the magnitude of the forces when the separation between the
ships is nought [zero]. The curves of Figure 4 of the paper are going up pretty well and are
obviously asymptotic and theoretically reach an infinite force (I think that answen:sI
Dr. Breslin); it is a pretty big force.

aptain Saunders speaks from a wealth of experience. I did not know of the rule that
one should keep two-thirds of the rudder available, especially in a canal. This was borne
out by the description of an accident given by Prohasks in a discussion of Robb’s paper.*
The two ships were on parallel courses in passing; one had to veer away with full rudder and

got clear—but it also rammed a pier; which makes your point admirably. One must have some
capacity left in the rudder.

*Prohaska, C.W., Comments on ‘‘Interaction between Ships,’” by A.M. Robb, Transactions ¢ ‘e INA, Vol. 91
(1949), p. 337.
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AESTRACT

The paper deals with the steering effect from how-jet screw propellers.
This type of propeller is placed in a transverse tunne$ in the how and is used
for maneuvering at low ship speed. Model test results are given for a
controllable-pitch propeller with 4 planar blades at adjusted pitch ratios P/D =
0.4, 0.5, 0.7, and 0.9; and for a CPP with 3 planar blades at adjusted pitch ratio
P/D = 0.7. Model test results are also given for a 4-bladed fixed blade
propeller, pitch ratio P/D = 0.7. The model tests are compared with full-scale
tests of two 300-4D controllable-pitch bow-jet propellars.

There is a note on forces and turning moment which occur on a normal
screw propeller as a result of nonparallel flow and which affect the steering

characteristics of a ship especially at low speed.

INTRODUCTION

Bow-jet propellers or bow-steering propellers, as they are also called, have been more
widely used during recent years. Especially, they have been used on railway and car ferries
and on buoy tenders; i.e., ships where maneuvering at low speed is often required.

A number of different types of bow-jet propellers have been designed. One of the first
was the cycloidal propeller which, in the first installation, was mounted with the blades
working freely under the ship’s bottom. Later this propeller was placed in an athwartship
tunnel, like other types that are mentioned below. The cycloidal propeller has been installed
on, for example, the PRINCESS OF VANCOUVER, and the TRELLETORAG.

Other types are those operating with fixed-pitch screw propellers. The Pleuger system,
for instance, consists of a fixed-pitch propeller in a circular duct operated by a sibmerged
electric motor. The Jastram system also utilizes fixed-blade propeliers but has two
contrarotating propellers, one at each end of a propulsion pod to which power is supplied
over a bevel gear. The former system is, for example, applied on the car fercy COMPIEGNE
and the latter system on the buoy-tender YALTER KORTE.

The “iutche system essentially consists of two transverse ducts and a vertical fixed-
pitch propeller. Magnitude and direction of thrust are controlled by a cylindrical valve

driven by a separate motor. This system is used on the East-German railway ferry
SASSNITZ.




Controllable-pitch propellers have alsc been used. The KaMeWa system consists of a
controllable-pitch propeller placed in a circular duct and housed in a propulsion pod. Among
others, the railway ferry PRINSESSE BENEDIKTE and the car ferry PRINSESSAN CHRISTINA
utilize the KaMeWa system. :

This paper deals with model testing of screw propellers used as bow-steering propellers,
with the emphasis on controllable-pitch propellers. The general arrangement of a bow-steering

controllable-pitch propeller is shown in Figure 1.

LUBE-OIL _AND GRAVITY TANK
GRAVITY TANK

HYDRAULIC UNIT

LUBE-OIL
PUMP

T
‘ﬂ;:‘ ! J\ | BLADES ‘gzem POSITION.

9 TUNNEL

GUIDE VANE _ \\

HORIZONTAL GRID

Figure 1 — General Arrangement of Bow-Steering Propeller

The propulsion pod is supplied with power from a vertical shaft coming in at one end of
the pod where the bevel gear is located. At the other end, hydraulic oil is supplied to the
blade-turning servomotor in the propeller hub. At this end also the feedback of the control
mechanism is placed. It is noted from the drawing that the propeller has an unusually large

diameter of the hub body. This is determined by the space required of the bevel gear.
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There are three supports at each end of the pod. Only one at each end accommodates part of
the mechanism.

MODEL TESTING ARRANGEMENT

The model testing of this bow-steering system was made at the Kristinehamn Cavitation
Tunnel. In the tunnel, which has a measuring section of roughly 800 x 800 mm, a model of the
duct around the propeller was built. At each end this duct was surrounded by a disk simulating
the plating of the ship. The duct was connected to a scale so that axial forces on the duct
could be measured directly. The arrangement is shown in Figure 2. Thrust and torque for the
propeller were measured with the ordinary equipment of the model propeller shaft.

Data of model propellers used were:

Yodel Mumber 317-5 321-2 331-5 339-C
Diameter D, m 0.225 0.225 0.22¢ §.225
Nuimber of Giades | 4 4 3 4

/o a0 | g 0 0.700

(o:ades)

A/ Ay 0.500 0.432 | 0.456 | 0.432
Hub diaaeter d, m | 0.0547 0.0847 | 9.0%47 ] 0.0847
d/D 1.376 0.375 J.375 0.375

The four models are of the Kaplan type; i.e., the blade tip has the {form of a circular arc.
The clearance between the blade tip and the tunnel wall is 1.5 mm. When the blade is adjusted
for positive or negative pitch, this clearance, however, increases at the blade edges.

Figure 3 shows the blade designs.

PRELIMINARY TESTS

The preliminary testing was made with Medel 317-B. In one part of the tests the
influence of various types of guide vanes was vbserved. The arrangement was tested with
one, three, and six guide vanes at each end of the pod. One test was made with the guide
vanes set synmetrically at 0, 5, and 10 degrees. In this case the arrangement with three
guide vancs was used. The total thrust produced at a given horsepower was within 2-3
percent for all arrangements except for large angles where th2 thrust dropped. Therefore, it
was decided to use the arrangement with three parallel guide vanes at each end of the pod.

The axial flow just outside the tunnel at a distance of about 3 propeller diameter
measured on the centerline of the tunnel was observed. Model 317-B, adjusted pitch ratio
0.70, was used. The velocities are plotted in Figure 4. It is noted that the velocities at the

_lower part of the tunnel are lower than in the upper part of the tunnel, to some extent depend-

iny upon the fact that the pitot tube has its longest distance from the tunnel end at the lowest
part of the tunnel.
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Streamline tests were also made and showed that the flow in the lower part of Lhe
tunnel was somewhat unstable. In order to improve this situation, a hulge was arranze? at
each end of the tunnel (Figure 5). This increased both K and I;Q for the pmpt sllee, o
instead of being positive, the axial force on the tunnel turned negative.

A numerical example shows for Model Propeller 317-3 converted to full scale,
1.3 m diameter and 285 DHP metric:

Test Number 15 (:;:gggt 16/17 (bwn:}:e)
“P/D 0.7 0.39
RPY 399 389
T Prmoeller kp 2816 3560
T Tunnei kp + 409 - 840
Total Thrust kp 3225 2120

This rosult is somewhat surprising. Further tests on the effect of bulges are planned.
Sulge and grid were tested separately. The grid has a stabilizing effect on the {lo=.
arid without edge ring was finally adopted.

CAVITATION INDEX

The cavitation index which hes been used is:

Po— ¢
ol =

3
p

_[)2 n2
3]

-

Figure 6 gives this index for different combinations of diameter and shalt speed. The

submergence of the shaft is assumed equal to the diameter.

MODEL RESULTS

The final tests were made with three and four guide vanes for 4-bladed and 3-bladed
models, respectively. The openings of the tunnel were free; i.e., no grids were applied.
heck *~sts show that if a grid is used, th2 tota! .hrust increases hy 1.5—2.0 percent.
Figures 7—10 show the test results.
The flow set up in the cavitation tunnel by the model propeller was stopped by turning
the tunnel impeller slowly in reversed direction. The total thrust is producea by the propeller
and partly also as lift on the guide vancs. For the sake of simplicity, t.ese forces are

added in one K1 total value.

It is noted that around 10 percent cf the total thrust is contributed by the guide vanes.
(Text continued on page 39.)
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Figure 8 — Model 317-B
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A comparison of the four models is made (Figure 11). This shows: The 3-bladed
45-percent BAR Model 331-B is just slightly less efficient than the 4-bladed 50-percent
BAR reference Propeller 317-B. With respect to cavitation, there was no significant
difference. : '

The 4-bladed Model 327-B with BAR 43.2 percent is considerably inferior to 317-B,
as K total is reduced by 6.5 pereent. Model 327-B differs from 317-B only with respect to
BAR. As could be expected, 327-B showed more cavitation.

The fixed-blade propeller 339-C, which differs from 317-B mainly in having lens-
shaped seetions and a normal helieoidal surface, is better than 317-B. The K 1 total-value
is 3.9 percent larger. Considering that the CP-propellers have planar blades and thus an
unfavorably high load at the tips, this superiority of the fixed-blade propeller may seem
small. However, as in a Kort nozzle, the tunnel walls reduce the loss over the blade tips,
and this effeet is more pronounced for the propeller with highly loaded blade tips.

The cavitation picture was somewhat betier for 339-C than for the other propeilers.

There was some difficulty in taking photcgraphs showing the cavitation clearly.
Therefore, small drawings were also made. Figures 12 and 13 show the cavitation pattern.

It is noted that as usual at static pull the cavitation appears as sheet cavitation

extending toward the boss from the blade tips. The guide vanes were cavitation-free.

INCREASE OF SHIP RESISTANCE DUE TO BOW TUNNEL

A certain increase in resistanee must be accepted using a bow propeller Two
examples are given:

1. Passenger ship, Lpp = 82.00 m, block coefficient = 0.575, draft = 4.1 m,
d /draft = 0.32

tunne

V knots 16 | 16.5 17 | 17.5

| Increase in

0.9 1.8 | 1.
| DHP percent

-

1.7

9. Bulk carrier, [,pp = 217.0 m, block coefficient = 0.86, draft = 8.1 m,
d draft = 0.93
iunnel/ MY T Veow

V knots 11 12 13 14 15 16

Increase in

L DHP percent
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Figure 12 — Model 317-B, P/D = 0.700, o! = 2,78
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317-B. 327—-8.

P/D=07 BAR=05 Z2=4 P/D=0.7 BAR=0432 Z=4

331-8.

P/D=07 BAR.=045 2Z2=3

Figure 13 — Cavitation Observation at 0! = 2.78

On each propeller one blade is shown in three various positions.




FULL-SCALE TRIALS

Full-scale test with a how-steering propeller is generally difficult to make quite
satisfactorily. The comparatively small thrust in relation to the size of the ship can make
influence of wind and current disturbing.

The Danish railway ferry PRINSESSE BENEDIKTE, LOA 111 m, draft 4.50 m, has a
300-hp KaMeWa bow-steering propeller with diameter 1.30 m. The blades are of the 317-B
type.

Trial results: 303 DUP . ;. 394 rpm and pull 3460 kp which was obtained at a
pitch setting P/D = 0.795. This gives K5 = 0.0330, k' = 0.270, ol = 3.0.

By using the above KO and K r, a pitch ratio of /) = 0,730 is ohtained through
interpolation in Diagrams 7 and 8 Thus both I\'Q and K p give th: same pitch, which
indicates that the prediction of power and thrust from the model test was nearly correct,
whereas the prediction of pitch was 9 percent low. During the trial the stern of the
BENEDIKTE was moored to the quay and the ship extended in about 15 deg out from the quay.
It was observed that a circulation was set up around the forebody by the how propeller.
Possibly this flow contributed to the higher full-scale pitch,

The propeller was running very vibration-free.

It could have been expected that the thrust and torque should have been influenced by
scale effect. The scale effect of friction was calculated to reduce torque by 2—4 percent;
the effect of the tip clearance was calculated to increase the thrust by 3 percent,* and,
further, the presence of the grid should, according to the model tests, increase the thrust by
1.5-2.0 percent. This would give a total of about 7.5 percent thrust increase as compared
with model tests.

During trials of PRINSESSAN CHRISTINA with the same type and size of bow
propeller, a thrust of well over 4000 kp was indicated, hut unfortunately the testing equipment

was damaged before the trials could be finished,

CIMENSIONING OF PROPELLERS

Diagrams 7 and 8 can be used for determining main data of a bow propetler.

nrohlem is to find horsepower and shaft speed when a certain thrust and maximum diameter

is given. This may be solved by finding a relation hetween A7 and o'

T
Wgp €
p/)'n2 F

A usual

*Schatte, F., ‘““Eine Methode zur Berechnung von Dusen-propellern,’’ Schiff und llafen. No. 11 (1956).
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This straight line can be drawn in Diagram 7. At the intersections with the P/D-curves,

ol is read off and the corresponding K is taken from Diagram 8. Thereafter power and shaft
speed can easily be calculated.

In the more general case, when only the thrust is given, it can be shown that

KQ 1
DHP = const —— °

Ko /01
Thus a small K /Ky and a large ol are desired.

A large ¢! means large diameter and small shaft speed, and it is thecefore found
practicable to go to about 0! = 3.0. For ¢! =3 it is found:

| p/p 0.4 | 05 ] 07 | 09 1
l Ko/Kp 0.106 | 0.101 l 0.120 | 0.143

|
i ]

According to the table, it is therefore rot advisable to use larger P/D than around 0.7.

Suitable data would, for examplie, be:

P/D = 0.7, Kp = 0.258, K 5 = 0.0306, o' = 2.8

With these characteristics it is found that:

2 T
D ye m
46
24,500
N = ,)_ epm
VT

DHP = 0.885 T, metric

or
T kp 5000 | 10.000 | 20.000
D m 1.535 | 2.170 | 3.080
N rpm 317 245 174
DHP kG 885 1770
i !

This paper has deait with the effect of bow-steering screw propellers at zero ship

speed only. However, in many cases steering effect from the bow propeller is wanted also
when the ship is proceeding ahead or astern. To investigate this condition, a test series

in a model basin is planned.
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A. Silverleaf: USSR

I apologize; I speak without having seen the paper itself and I also speak without the
data which I am going to quotec.

As the author mentioned, there is an increzsing interest in these devices, and recently
there have been cases where they have been fitted or at least have been proposed to be fitted
both at bow and stern. A little more than a year ago at NPL, we were asked to investigate a
proposal which it was intended to fit to a large passenger liner. Our prime purpose was to
compare the relative efficiencies (I shall return to this point) of counterrotating and single
propellers for the purpose of producing a lateral thrust. Caleulations suggested that thc
single prepeller was bound to be more effective than the counterrotating propeller. Experi-
ments, not surprisingly, confirm this. Our investigations were not made in the tunnel, at
least not initiallv; we were fortunate enough to be able to make them on a fairly large scale.
We uscd propeller models 12 inches in diameter and made a replica of the forebody of the
vessel on a correspondingly large scale, which we tested first in a large static water basin
and then carricd out some further experiments with the propeller in a tube (after all, that is
ali this is, propellers operating in a tube) in the towing tank.

Now one is interested. basically, in the efficiency of such a device, and this device

1s essentially that of a propeller operating at zero spced of advance. So some criterion other

than normal efficiency must be employed. What ore is really interested in, as | see it, 1s the
maximum lateral thrust or lateral force for a given power input. And this quite simply is a
ratio of K¢, the thrust coefficient, to the torque coefficient I{Q, raised to the two-thirds

power. It is not K over I\’Q; it is K over I\’O to the two-thirds. The surprising thing is that
if vou examine published propeller systematic data, either for orthodox propellers or alternatelyv
for Kaplan type propellers, of which there are now some, vou come across the fact '.at there

is an optimum pitch ratio. Quoting from memory. | think that it is around 0.8. at which this
criterion of effectiveness is a maximum. And also it 1s quite easy (o derive a relationship
between this criterion of effectiveness and a nondimensional ratio in which the power and
the diameter arc involved. From this, we found it very simple (and I should mention that our
measurements broadly confirm this simple analytical approach) to advise on the optimum

diameter and running conditions.

Incidentally, this very seriously affects anv glib Guctation of horsepower per ton thrust,
per, say, 100 horsepower; a common figure that is bandied about is 1 ton per 100 horsepower.
This can be up or down by a factor of three, quite easily depending on what vou can do in the

way of diameter relationships for such iateral thrust devices.

I should like to ask a auestion which may have been answered in the paper; whether,

in fact, the author has himself found any such optimum pitch-diaineter ratios to exist, and

whether he has found any such criterion of effectiveness which varies with the permissible

operating conditions.



I was interested in his final comment about the drag of the opening. This is a point
that is always raised by a shipowner who comes to us for advice on this topic. Of course |
would very strongly agree with Mr. Pehrsson’s point that properly designed openings (and |
think the shape of the opening is a very important factor here) need not add anything whatever
significantly to the drag of the vessel, when proceeding at some speed ahead, without the need
for elaborate closing devices which are sometimes suggested and fitted.

The effect of speed ahead is, 1 think, one that needs to be investigated. Clearly, the
flow conditions into the propeller will be affected by this even if the speed ahead is only 1
or 2 knots, which is the condition you are interested in for maneuvering, and in factv, the
propeller characteristics may then be considerably altered. Finally, I should like to ask
Mr. Pehrsson whef.-he!: it is to cope with such fluctuating conditions that he advocated the use

of controlizble pitch propellers, because at the moment I think that they are a slightly
unnecessary luxury.

G. R. Stuntz, Jr.:

1'm a little bit in the same position as Mr. Silverleaf in that 1 haven’t seen this paper
before. As some of vou may know, the recently completed Army dredge MARKIIAM. built
down at Avondale. is equipped with a device very much like this. We were in a position of
doing some model testing for the Army on this boat, and also we did have just a little bit to
do with the design of the rig. Like Mr. Silverleaf, we found that a single propeller was more
effective than counterrotating propellers. This is possibly due in some degree to the spacing
between the propellers and to the fact that they are within a tunnel. Secondly. 1 am a littie
surprised at the shape of the tunnel that Mr. Pehrsson described. We recommended te the
Army that they not use a sharp-edge junction between the tunnel and the hull surface but
rather a very geneious radius, so that the inflow of this tunnel had a 1uch easier transition
from the external flow to the inside of the wunnel. 1 believe this might contribute to more
stable flow in the wav of the propellers. We did. however, use the discontinuity or lip. or
step, described in the Swedish work, so that the jet at the outflow end would separate and
not follow this rather generous radius. Model tests were dene with a large scale model of the
bow of the ship. The diameter of the propcllers was ahout 9 inches on the model.

Unfortunately, w - d” i ’t get into any work with guide vanes; in fact, in the model work
we had no grid whatever over the entrance and exit, and I have been interested to note the
ship was built with such a grid. We don’t have any full-scale trial data, so T don’t know how
that turned out. One other point in which I support Mr. Silverleaf is that the controllable
pitch propeller does seem to me to be scmewhat of a luxury. It requires a very much larger
hub, 1 suspect, than is required merely to house a right-angle drive. And certainly this large

hub inside a tunnel would seem to be a disadvantage.
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R. N. NEWTON:

I, too, haven’t seen the paper until today and therefore base my comments on the other
discussers. I would like to see the title of the paper put another way, such as, ‘‘Are the days
of tugs numbered?’’ Quite frankly, I think they are and should be. To anybody who has been
in the Navy actively, as I have, nothing is more annoying as they go vp the Clyde in a battle-
ship with four wretched tugs fussing around, pushing you this way and that, with strong lan-
guage from the bridge. Then the QUEEN MARY comes up to her docks and pokes her nose in
and everything is all set. But there is a need here for tug propulsion units. There is no
doubt about it; if one can do away with tugs it facilitates the operation an awful lot.

One question I would like to ask, that can be answered with a bit of discussion, has to
do with the clearance between the faired tube and the blade tips, and did it have an effect on
tip vortex cavitation?

I took note of the discussion about the relative merits of the counterrotating propeller
in a tube, and here I would agree with Mr. Silverleaf. I think that one great use of the counter-
rotating propeller is when it is placed behind the ship, because you can take more advantage
of the wake of the ship, which is one reason why the counterrotating propeller behind the shib
is more efficient than the single propeller.

But in looking for another point, asbout the ehp of the opening. If you can make the
propeller smaller by a counterrotating propeller you make the opening smaller and you un-
doubtedly effect more econemy, from the point of view that you do not use so much ehp. The
ehp is not negligible. We at Haslar were investigating the so-called ducted propellers and we
do take into account the loss of ehp as it left the pipe. In a destroyer at 30 knots it is of
the order of 300 hp. These are not small openings, of course, and I think the counterrotating
propeller would reduce that quite a bit.

H. E. Saunders:

I have read the paper once, and I am confused as to how to make the distinction be-
tween propelle.r thrust and thrust on the ship: the sort of thrust that yvou are endeavoring to
produce to turn the ship, or to move it sideways? You have only one symbol T, and I am un-
certain as to whether that applies to the thrust that is being developed by the propeller only

or the thust on the entire assembly as far as the ship is concerned.

S. Bindel:

Regarding the drag of the hole, we carried out some tests on cargo siips and ferries
and we found that the increase of ship resistance due to bow tunnel was not more than

2 percent; our results confirm, for relatively slow ships, those given by Mr. Pehrsson.
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Author’s Clasure:

I was very interested to hear Mr. Silverleaf’s remarks regarding two counterrotating pro-
pellers. One thing which my company has found, is that both propellers of a counterrotating
pair should not have the same diameter. This was verified by experiments on torpedo pro-
pellers made in our cavitation tunnels about 15 years ago. It was demonstrated that, if the
diameters are the same, the flow into the downstream propeller is disturbed by the tip vortex
of the forward propell.ér.

I both disagree and agree with Mr. Silverleaf on the point of comparing the efficiency

of the propeller by K /K, or K /K 2/3, 1t is quite correct when yon base it on a given
prop /'8¢ T/%Q q y g

horsepower to compare on KT/KQ2/3, but if you compare for a given thrust then you should
use KQ/KT.

There was some discussion on the shape of the openings; we have found that the most
effective is a sharp opening at the forward half of the diameter and a rounded opening at the
following part of the tunnel.

Then there is the question—why a controllable pitch propelier? I don’t think it is a
luxury here but the reverse. It is so much cheaper with an electrical system to use a non-
reversible constant speed motor. Therefore, the total cost of the installation is much less
using a controllable pitch propeller.

I would agrec with Mr. Stuntz that counterrotating propellers can be advantageous in
some cases, and especially where a small draft forbids the use of a large tunnel opening.

In reply to Captain Saunders, K ; means the total thrust delivered by the propeller and
the tunnel, as indicated in the upper part of Figures 7, 9, and 11. Thus this coefficient in-

dicates how much thrust is delivered to change the course of the ship.
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ABSTRACT

This paper is composed of three parts as follows:

Part 1: Self-propelled model experiments about the maneuverability of ships.
Part 2: Effects of screw propeller on the character of the rudder.
Part 3: Effects of the depth of submergence of the rudder on its

performance.

In Part 1, the author investigated generally about the optimum rudder area,
the maximum rudder angle, and the effect of the C, of the ship’s hull on the ma-
neuverability of ships.

In Part 2, he showed that the optimum rudder area is decided mostly from
the ratio of Cy /8, the ratio of the normal pressure coefficient to the aspect ratio,
independently from the ship’s hull when the depth of the rudder has to be kept
constant as is usual. He also presented the design data for the rudders working
behind propellers.

In Part 3, he made clear that by decreasing the depth of the submergence of
the rudder, the normal pressure decreases, nevertheless the rudder torque stays

at the same level, at large angle of deviation, hecause of the backward shift of

the position of the center of pressure, which cancels out the decrease of the nor-
mal pressure. e showed that this i< the rearon why the design data aquired

from the deeply immersed rudder can practical’y be applied for the rudder of

actual ships.




PART 1

SELF-PROPELLED MODEL EXPERIMENTS ABOUT
THE MANEUVERABILITY OF SHIPS

1.1 INTRODUCTION

There is very little scientific information and technical data available about the maneu-
verability and turning of ships, and we still have many unsolved problems about these
performances. Design data for the rudder is insufficient; for example, we have difficulty find-
ing reliable data to decide the rudder area that will give the best mansuverability and turning.

Here the authc: performed a series of self-propelled model experiments for the purpose
of getting practical design data to decide the hest rudder area. This is one phase of a rather

comprehensive series of model turning experiments, and the zeneral results of this study are
reported here in Part 1.

1.2 EXPERIMENTAL SETUP
1.2.1 MODEL HULL, RUDDER, AND SCREW PROPELLER

We used three model hulls which have the same length/width ratio (L/B) and width/
draft ratio (B/d) of conventional ships, and which have three different block coefficients,
0.6, 0.7, and 0.8. We chose these co. fficients because they represent, respectively, a high-
speed merchant ship, a general cargo ship, and a super-large-sized oil tanker. The principal
dimensions of the model hull are all 2.50 m in length, 0.3425 m in width, and 0.137 m in draft,
and the ratios are /B = 7.30 and /d = 2.50. Bow and buttock liues and the forms of stem
and stern of these model hulls are shown in Figure 1, as listed in Tabie 1. For these tests,

we did not put the bilge keels on the models. The effects of bilge keels should be studied
separately.

I'ABLE 1

Kind of Model Hulls Used

1

Model ‘ Kind Block Coefficient | Body Plans |
A Yigh-speed merchant ship 0.60 ‘
] General cargo ship 0.70 Figure 1 |
© Super-large-sized tanker 0.80 |

The rudder area ratios A/L x d of five rudder models are respectively 1/80, 1/60, 1/50,
1/40, and 1/35. The five rudders are all rectangles which have the same length (span), 9.8

cm, but the length of the chord differs for each rudder. As a result, the aspect ratios differ;
namely, 2.24, 1.68, 1.40, 1.12, and 0.98.
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We adopted NACA 0018 airfoil for the section form, putting its shaft position at 33

percent from the ieading edge. The screw propeliers are the SENPAKU SHIKENJYO No. A4-40

type, which are 10 c¢m in diameter, and have three different pitch ratios, 0.7, 0.8, and 0.3.
Al propellers are right-handed.

TABLE 2

Principal Dimensions of Propeiler

Diameter 100 mm j
doss ratio 0.250
Pitch ratio (constant) 0.7,0.8,09
Expanded area ratio 0.40
Maximum dlade width ratio 0.242
Blade thickness ratio n.045
Rake 10 dey - 13 ft
"luaoer of blades 4

[ Turming directign Right-hanced

1.2.2 PROPULSION MOTOR

A 1/12-hp, 24-v d-c shunt motor was used as the driving motor for the screw propeller.

30-v, 6-amp-hr storage batteries were used to supply the clectric sources to this motor and
other apparatus in the model.

1.2.3 STEERING MECHANISM

The steering mechanism is such that a spring supplies the power, and by adjusting its
windings we can steer the rudder to the pre-set angie in a given time.

1.2.4 TRANSIT FOR PURSUING THE PATH

A transit, whick was designed by the Ship Performance Division, Transportation
Technical Research Institute (TTRI), was used to track the model. Picture 1 shows its
appearance, and Picture 2 shows an example of the measured record.

While the observer pursues the position of the model continuousiy on the transit, the
direction is recorded automaticaliy at eve.y second or at every other second on the drum. We
used two transits in this series of tests. The model of biock ceefficient 0.70 is shown in

Picture 3, loaded with all of the above-mentioned experimental devices and apparatus.
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1.2.5 MISCELLANEQUS APPARATUS

Also used in this experiment were:

a) Gyroscope for course angle meter,

b) Wireless controlling device.

1.3 METHOD OF EXPERIMENT

When the model reaches the steady-state condition, the pre-set programmer starts and
the number of revolutions of the main shaft is measured first; then the rudder is steered and
the model starts to turn.

Besides, starting from the time the model makes a straight advance, the course angle
is continuously recorded by gyro indicator and cine camera and the trace of the model is
followed by transits on the shore. Finishing the required measurements, the model is stopped
by the signal sent by the wireless controlling device.

By this method the path of the model is found at every second (or at every other second).
This gives us the advance, transfer, turning circle, turning diameter, and speed of the ship,
together with the number of revolutions of the main shaft, and the course angle at every second.
From this, we can find, further, the speed of the change of the eourse angle and the drift angle.

These experiments were held last March and May on a reserveir in the northern suburbs

of Numazu, Shizuoka-Crefecture and at the experimental basin in Mewuro-Ku, Tokyo.

1.4 KINDS OF SXPERIMENTS

We used three model hulls, five cudders, and three screws in the experiment; rudder
angle, speed, trim, dispiacement, and turning lirection of the models were charged, as
shown in Table 3. We examined the effect of these variations upon the maneuverability of
the ship; for example, on the turning diameter, advance, transfur of turning, reduction of speed,

and so on. The number of runs in this series was more than 200.

TABLE 3

Kinds of Fxperiments

Yeln angle 10 des, 20 de_, 36 degz, 35 dey, 40 de, 45 de;
| Speed (Froude Mo.) 0.0 - 0.33

Trim Aft trim, even keefl, fore trim

Displace~ent Lignt- and fuli-1naded conditicn
| Tursina direction To port and to starvoard
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1.5 RESULTS OF EXPERIMENTS

The model drifts more or less in a certain dirsction because of the wind force while it
is running. This means that the model is much more affected by wind of the same speed than
the actual ship is, because the advance speed of the model is equal to 1/y/\ (X is scale ratio)
times that of the actual ship, by Froude’s Law.

To correct or eliminate such a wind effect, measurements were made until the model
completed the steady turning circle twice.

The dicection and the distance of drift during one turning circle are determined from the
trace of the turning circle. So the effect of the wind per unit time can be found if we assume
that the direction and the distance of drift remain constant for a short period of time. By this
method we can modify the trace of the model, eliminating the wind effect. This simple methed
gives almost satisfactory results, as shown in the example in Figure 2, where a comparatively
large drift was eliminated by this method.

From more than 200 turning traces acquired by the experiments, several representative
examples about the model of €', = 5.7 are shown in Figure 3, corrected for wind effects.

The figure numbers and corresponding experimental data are shown in Table 4.

TABLE 4
Rudder Propelier Direction
No. of Area Block Pitch Ttim Displacement of
Figure Ratio | Coefficient | poyo) Turning
Figure 5.1 | 1/8C 0.70 0.80 Even kee! Full lad Pon side
Figure 5.2 { 1/60
Figure 5.3 | 1/50
Figure 5.4 | 1/40 l
Figure 5.5 | 1/35

1.6 CORRELATION BETWEEN MANEUVERABILITY
OF MODEL AND ACTUAL SHIP

To apply the experimental results obtained with the self-propelled model to the full-
gized ship, we must examine the correlation between the model and the ship in maneuversbility.
We note the following facts:

1. In the model experiment, the Reynolds number is smaller than that of the ship; therefore,
the chacacteristics of the rudder of the model differ from that of the ship.

2. It is possible for the screw of the ship to cavitate; however, with the model that very
seldom happens.

(Text continued on page 63.)
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Figure 3 — Turning Path After Steering
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Figure 3-3
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Figure 3-4

61







3. As the Weber number of the model rudder is considerably different from that of the
actual rudder, the phenomenon of air deaw in Lhe‘model is considerably different from that of
the actual ship. However, the results of the turning experiment with the model agreed fairly
well with those of the ship triai. Brard, Hewins and Roop, and Pitre, have already rcported this
fact; also, the test results on models and ships carried out by the Ship Performance Division,
TTRI, showed good agreement.
Experiments were carried out on models and ships designated X and Y, and comparisons

of those models and ships are shown in Figure 4-1. Ship X is a twin-screw iwin-rudder ship

T y T T T T T T T T

I

| 'l |
——-—%——f—x ‘}———+—+-+ —+ +— -+ 4|»Y+ 4 -+

& SHIP o 111.OM — | + SHIP o [060m
MODEL — 25m | mopeL{ - §$@N
6] \ |

10 20 30 40

Figure 4-1 — Compariscrns of D/L batween Ship and Models

111 m long, 17.40 m wide, 6.80 m deep, and 4.78 m in draft at the test condition, and all
rudders are just behind the screws. The ship trial was cacried out at 14.4-knot speed and
35 deg in the helm angle. The model was 2.5 m long, and the model tests were held at a speed

of 1.12 m/s (corresponding to 14.5 knots for the ship) and at the helm angles of 10 deg, 20 deg,

30 deg, and 35 deg. As shown in the figures, the model test results agreed sufficiently well
with those of the actual ship. Ship Y is also a twin-screw twin-rudder ship 106.0 m long,
10.5 m wide, and 3.67 m in draft, and the rudders are deviated a little from the center line of
the propeller stceam. Two models 2.5 m and 6 m long were used for the experimentz in this
case. The 2.5-m model was used first, but in order to investigate the scale effect and to
increase the accuracy of the experiment the 6-m model was used later. Test results with the
6-m model agree well with the results of the sea trial with the actual ship. Furthermore,
Figure 4-2 shows a comparison of the experimental results of this test with the results of sea

trials of scores of ships recently built in Japan. The results of the sea trial are plotted by

63



EREEEREE

—ndt_____J_

o CURVES ARE OBTA/NED FROM FlG. |5 '
l/a =0.60

(o))

T (o< 3SDECREES)

=T

Figure 4-2 — Values of Turning Diameter Obtained from Trials at Sea

circles, and the model test results are shown by the solid and dotted lines. Block coefficients
of the ships range from 0.65 to 0.75, but the results were modified to the case of block coelffi-
cient 0.70 with cven keel condition, in order to make the comparison easier. For this calcula-
tion, experimental results obtained with models, described in the following section, were
applied. There still remains the influence of the differences in L/B and B/d and the differ-
ences in the wind and tide effects, on these results, that make the plots scatter over a wide
range. As a whole, howcver, the fact that the experimental results plot closely to each other,
having the lines of the results of model test of 'y = 0.7 as their average line, means that the
similarity is well kept between models and actual ships. In the model test, there exist the
scale cffects in its friction; namely, the corresponding frictional resistance and the wake of
the model are relatively larger than thosc of the ship. Accordingly, at the corresponding speed,
the screw needs to produce a larger thrust than the corresponding thrust of the ship, if the
model is propelled without friction correction. However, as the effect of the difference of wake
and the effect of reglecting the friction correction cancel out cach other, so the stream to the
rudder remains almost similar between model and ship. In short, practically, we can say that
the correlation betwecen model and ship shows a good agreement as mentioned above. Thisis

true, however, only in the range of the case where cavitation and air drawing never occur in
the screw of the ship.
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1.7 DISCUSSIONS OF RESULTS OF EXPERIMENT
L.7.1 RUDDER AREA

Vacriations of turning diameter with the increase of the rudder area ratio in three models,
A, B, and C, are indicated in Figure 5. Turning diameter decreases considerably with the
increase of the rudder area ratio, in the range of, say, 1/80 to approximately 1/50. It should
be noted, however, that the turning ability is not improved any more when the rudder area ratio
is increased beyond 1/50. To obtain the best turning ability, we should have the optimum
value of rudder area ratio, say, approximately 1/45. Of course it depends on the ship form,
as is shown in Figure 5; it is nearly 1/40 in A, 1/45 in B, and 1/50 in C.

Relations between rudder area ratio and the advance or transfer are shown, respectively,
in Figures 6 and 7. As for the advance, there i3 no best rudder area ratio, as was feund for
the turning diameter, and it keeps decreasing gradually with the increase of the rudder aren.
Relation between the transfer and the rudder area is, on the contrary, almost the same as that
between the turning diameter and the rudder area. The advance and transfer might be con-
sidered as the indices of maneuverability in transient state, while the turning diameier is as
that in the steady state. Since the ship movements in transient state are significant, for
example, for preventing collisions, we are now investigating this problem separately.

Based on the model experiments with towed models, Gawn in 1943 described the rela-
tions betw-en the rudder area ratic and the turning diameter, the advance, and the transfer.

The results obtained from our self-propelled model experiments are shown in Figures 5 to T,

which give further information about this problem and are appiicable for practical purposes.

1.7.2 RUDDER ANGLE

Turning diameter, advance, and transfer gredually decrease, in general, as the rudder
angle increases to a certain angle. This tendency is recognized not only in crudder angle
above 35 deg, but also in large rudder angle around 45 deg (Figure B). (iawn also reported
the same result with respect to this point, and here further details are clearly obtained by the
self-propelled model experiments.

The effectiveness of this large rudder angle can be explained by the rather small

effective angle of incidence to the rudder and also by the fact that the stall very seldom
occurs because of the confused aftsiream of the propeller. If we neglect the effect of
propeller stream, subtracting the drift angle at the rudder from the rudder angle, we can obtain
the effective rudder angle. As was found clearly in this experiment, the drift angle at midship
reaches to 10 deg to 17 deg when the rudder is steered to 35 deg. Then the drift angle at the
rudder can be considered to be_more than about 20 deg. Therefore, the effective angle of
incidence to the rudder is still less, and at this rather small rudder anele of attack, as the
rudder angle increases, the normal pressure still tends to increase. There are the reasons

why the steering by such a large helm angle as 45 deg is still effective for improving the
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Figure 8 — Effect of Helm Angle

turning ability. Conventionally, the maximum helm angle 1n the ships is limited to 35 des.
As is shown in Figures 5 and 8, however, in the case of a ship, which especially needs a
good turning ability, it 1s more effective Lo increase the maximum helm angle than to increase
the rudder area only. In this experiment, 2/L of the Ship B (¢, = 0.70) is found to he 2.70
when the rudder angle is 35 deg and the rudder area ratio is 1/50, the turning diameter is not
reduced remarkably by the increase of the rudder area ratio until it reaches 1/35. When the
rudder is steered to 45 deg, however, leaving the rudder area ratio 1/50, D/L becomes 2.10.
That is, it is improved as much as 22 percent. ‘Yhen the rudder angle becomes more than 50
deg, the turning ability does not improve any more by the increase of the helm angle, as is

expected, and is shown in Figure 8.

1.7.3 SHIP FORM AND TURNING

As the elements of the ship form which affect the turning ability, we can count many
factors such as the principal dimensions, L/B, B/d, block coefficient, cut-up of the stem and
stern, and so on. Here, the relation between the turning diameter and the block coefficient is
shown in Figure 9 for the cases when the principal dimensions and rudder are the same, and
as are shown in Figure 1, the profiles of the stern are different from each other with the block
coe‘fi:ients. Variation of the turning ability with the change of the ship form is remarkable

in this case where the principal dimension and rudder stay the same and differ only in the
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Figure 9 — Effect of Ships’ Fullness upon Turning Diameter

block coefficient. Figure 9 shows, for example, that the turning diameter of the ship of block
coefficient 0.80 is about twice that of the ship of block coefficient 0.80. Of coursc. the
reason for this big difference is in the difference in the turning monient of the ship caused by
the difference of the block coefficient. Besides that, however, the slip ratio will increase in
the ship as the block coefficient increases, and this makes the rudder in the propeller stream
act more efficiently. In short, when the rudder area is determined to obtain a good maneuver-
ability, the block coefficient should be considered in connection with it.

The lines of Models A, B, and ( are chosen to represent the high-speed liner, the
general cargo ship, and the super-large-sized tanker, respectively. In these ships, the
relaticns between the turning diameters and the block coefficients are nearly linear.

Figure 8 shows the case where the rudder area ratio i1s 1/50.

1.7.4 EFFECT OF TRIM

The variations of the turning diameter, advance, and transfer, which change with the
change of the trim are shown in Figure 10. These are obtained with the Models A, B, and C,
with the rudder of the rudder area ratio 1/50, keeping the displacemént the same and changing
the trim only. Turning ability is very much affected by the change of the trim, as is expected.
From Figure 10 we can find, for example, that if we increase the trim by the stern by 1 percent
the turning diameter increases by about 10 percent.
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1.7.5 EFFECT OF SPEED

With cespect to this problem, we investigated with Models A, B, and C only in the cases
when the rudder area ratio is 1/50. The relation between the speed and the turning diameter,
obtained by experiments in which the Froude number ranges from 0.09 to 0.30, is shown in
Figure 11. Hete, the speed while the model is advancing in steaight course before steering
was taken as the index of the speed. As was expected, the change of the speed affected very
little the turning diameter. That is, speed affects very little the turning diameter at the Froude
number of less than 0.20. Even in Model C, which has the block coefficient of 0.80, the
turning diameter increases by only small percentages when the Froude Number is 0.30. (In
another experiment, where we used the model of block coefficient 0.5 ir order to make the
wavemaking resistance small, the effect of the speed was not recognized until the Froude
number became about 0.30.) Relations between speed and advance or transfer are almost the

same as that between speed and turning diameter.
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Figure 11 — Effect of Froude Number upon Turning Diamater

1.7.6 EFFECT OF DISPLACEMENT

Figure 12 shows the variation of turning ability due to the change of displacement,
keeping their trim unchanged. The displacements correspond to the light- and the full-ioad
condition, respectively, but in order to keep the propeiler and the rudder enticely immersed,
even in the light condition, the trim by the stern of 1/50 was adopted in both conditions.
Accordingly, the displacements and conditions are slightly different from those of the real

light- and full-load conditions of an actual ship. From the figure, we can see that even by
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increasing the displacement by about 35 percert, the turning diameter changes very little. As
these experiments were performed by the same rudder, it must be noticed that the rudder area

ratio in the light-load condition is about 30 percent larger than that in the full-load eondition.
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Figure 12 — Effect of Displacement upon Turning Diameter

1.7.7 SPEED REDUCTION IN TURNING

Figure 13-1 shows the speed reduction of the model in the steady-state turning, com-
pared with that in the straight course. The left part of the figure shows the relation between
speed raduction and turning diameter, while the right part shows the plots of the relation
between speed reduction and rudder angle for each rudder. According to the latter, the spead
reduction varies with the rudder anzle or the rudder area for the three models. In the former,
the relation between the speed reduction and the turning diameter can be represented by a
single curvo, respectively, for three models in the figure, independent of the rudder angle or the
rudder area. Moreover, the tendency of these curves resembles each other in this case. That
is, the speed reduction is almost determined by the turning diameter. In Figure 13-2, where the
left part of Figure 13-1 is assembled, it is observed that the speed reduction is smaller for

the ship with the larger block coefficient.

(]




of 111 L] T T

el L1 — Miprd) |, NS

7|5t | Al L1 | co-o80 % o =l

a] P o277 Ll 4 50 x ) ™

| ~ . - 9 +

5| 4 1 ] I S I 35 + 0/ -
B N S ! A - 1 P %0435/ o

s | | | :

j T 17 71 a
I DA
4 /(‘: il 1
3

-9

3 I A T O O O O O
o T
EJ | 7,./'):‘"‘ J:'.4I -
A

2 | 4

w D e N ©

Figure 13-2

Figure 13 — Speed Reduction in Turning

1.7.8 DIFFERENCE OF TURNING PERFORMANCE TO PORT OR STARBOARD

In a single-screw ship, there are some differences in the turning performance between
turning to port side and turning to starboard side, due to the nonuniformity of the wake of hull
in rudder position and the effect of propeller stream upon the rudder. In this experiment, we
investigated the turning to port and compared it with that to starboard, using the propeller of
pitch ratio 0.80, and found that the former is about 10 percent smaller in turning diameter than
the latter (Figure 14). Since the relative positions of the rudder and the propeller in the models

are the same ss that of the ordinary ships, as shown in Figure 1, different performance of the
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turning due to the side (port or starboard) can be approximately the same with the results
shown in Figure 14, even though we need to investigate it more carefully.

1.7.9 EFFECT OF PROPELLER PITCH RATIO

Three screw propellers of pitch ratio 0.70, 0.80, and 0.90, were used in these experi-
ments, and the results show very little difference. This is probably because the propeller
stream is not affected so much in this range of pitch ratio. (Figures about 0.7 and 0.9 in
pitch ratio were omitted.)

1.7.10 DRIFT BY WIND FORCE iN TURNING

We have already described in Section 1.5, Results of Experiments, how to correct the
effect of drift by the wind in the turning test of models. In the sea trial of the actual ship,
also we obtained a good result by applying this same method. As a custom we have observed
the turning path for less than one turn in the ship trial. If we observe this about two circles

in turning path and correct the drift, however, we shall be able to obtain more precise data
about, for example, the turning diameter.

1.7.11 EFFECT OF BILGE KEELS

Existence of the bilge kee!s naturally affects the turning performance of the self-
propelled model. In the experiment performed by the Ship Performance Division, TTRI in 1956,
the turning diameter increased by about 10 percent by taking off the bilge keels. Of rourse, this
effect differs according to the length, width, and position of the bilge keels. It is necessary
to carry out further experiments to make clear the effect of bilge keels upon the turning ability,

because, as described previously, the bilge keel was not used in this series of experiments.

1.8 CONCLUSION

Based on the fact that the result of the turning experiment by the self-propelled model
proves the maneuverability of the actual ship, we can conclude several points as follows, from

the results of the turning experiment performed by three kinds of models.

1. So long as the rudder area ratio remains less than about 1/45, the maneuverability of
the ship is improved by increasing the rudder area. When the rudder area becomes larger than
this, however, maneuverability is not improved any more by further increase of the rudusc area.

2. In accordance with the increase of the helm angle, the turning diameter, advance, and
tcansfer reduce. This tendency is kept until the large helm angle of around 45 deg. Therefore,
in some cases, to increase the maximum helm angle is much more effective to improve the

maneuverability than to increase the rudder area only. This tendency becomes very small

at the helm angle larger than 45 deg.
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3. The hull form afiects maneuverability considerably; for example, the turning diameter
of the ship of €y = 0.60 is as large as twice that of the ship of €, = 0.80. The tendency that
in accordance with the increase of the block cocfficient the maneuverahility is improved, shows
that the problem of turning is closely related to the problem of the course stability. Wsapecial-
ly in the case of designing the rudder for full ships, which rre usually rather poor in course
stability, the character of course stability should be considered simuitaneously.

4. The teim of the hull affects considerably the maneuverability. When trim by stcen
increases by 1 percent, for example, the turning diameter increases by about 10 percent.

5. The_change of displacement has very little effect on the turning diameter, if the teim
stays the same.

6. The change of the advance speed, if that was in the range of the speed of the ordinary
merchant ship, has very little effect on the turning diameter.

7. The speed reduction by the turning can be roughiy expressed by a simple curve.

8. The method to measure the steady-turning circle twice is very helpful to correct the

effect of drift by the wind in the ship trial, as well as in the model tests.
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PART 2
EFFECTS OF SCREW'PROPELLER ON THE CHARACTER OF THE RUDDER

2.1 INTRODUCTION

Even in the design of single rudder for the single-screw ship, where the rudder works
behind the screw propeller, because of the lack of the modern design data, we are stiil using
the conventional method of the old-fashioned empirical formula for the open rudder; that is, for
the rudder independently working in widely open still water, modifying by our own ‘‘experience.”

At present, however, with the advanced hull and rudder forms and increased speed, this
simple method occasionally gives us erroneous resuits, if it is not supplemented cleverly by
experienced designers.

The author set the target of this paper principally to get practical design data for the
rudder which works behind the sc.ew propeller and is under the effect of its aftstream.

Another fact is that the maneuverability of the ship becomes werse when we increase
the rudder area too much. This might be acceptable from the theoretical study, but we have

no reliable design data to get the best rudder area quantitatively, as well as qualitatively.

Accordingly, the author intended also to find out whether the existence of the optimum rudder

area depends upon the characteristics of the rudder itself or not.

2.2 MODEL RUDDERS AND PROPELLERS

The identical rudders and propellers, used in the experiments reported in Part 1, were
used here, although only one kind of propellers of pitch ratio 0.8 was used.

2.3 METHOD OF EXPERIMENT

In order to avoid the free surface effects, the upper edge of the rudder was kept 10 cm
deep under the free-water surface. The characteristics of the rudde: were measured by the
radder dynamometeor, at the slip ratio of 11 percent, (22 percent), 28 percent, and 44 percent
changing the revolution of the screw, at the same advance speed of 1.17 m/sec.

Besides these, the same measurement was undertaken at slip 100 percent. The

Reynolds number in this experiment is about 1.0 x 105.

2.4 RESULT OF EXPERIMENT

The normal pressure F and the distance between the leading edge and the center of
pressure, are shown in Figures 15 and 16 in the form of Cp (the normal pressure coefficient),

and z (the ratio of the distance to the chord length), respectively.

(Text continued on page 83.)
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Figure 15 — Normal Pressure Coefficient

1 THICKNESS RATIO 0.18

i ASPECT RATIO 098 | | /

“EEEEET H By

. | R-~-EFFECTIVE PITCH 24 %

S T N N A 4 [ i
" { ‘ | | ! A - |
- _— | v, i,m*ﬁ/--*/ !
TN | | x/ ,?/ /Ff | | |
| oy /,(/ L
i 4 /J + //.{( + 4 i
. o AL 3 4 // { { 4
[ x4 : ,/’./
g 1/ - —XC
N il Rl
’g‘&/ \\0\’9‘ / A ,/L—-_T'C-
VA < 0D
4
D‘v - C — ~
o) ¥ | / ) | l
] ‘
/ / /)’J// ,‘/,’ /Q‘/O’/ﬂg
O/ / // / /QJ// T
Y e \O/Q/ﬁ |
7 / / { { i //CI !
o /AN | /*'
ALR A L L L |4 L
A/ |

+ -
>

M i A i ke
/ HELM ANGLE
i N | !

10 IS5 | 20 | 25 | 30 35 | 40

.(’ ’t‘l,/

Figure 15-1

79




THICKNESS RATIO O0.18

ASPECT RATIO [.12

40

}
T

30 | 35

25

20

HELM ANGLE o

12|

1
15 |

Figure 15-2

80



THICKNESS RATIO 0.18

1.40

ASPECT RATIO

1.2

Figure 15-3

81



S=11%
)(,/2
=

ASPECT RATIO

.4

Figure 16 — Center of Pressure

82



P is the effective pitch, and NP is adapted as the speed, because the uniform
velocity to the rudder can be approximated by the following formula as a whole.

14 +8NPE=V+(NPE—V)=NPE
This is also applicable to the case of 100-percent slip ratio.
25 REMARKS ON RESULTS

2.5.1 DESIGN DIAGRAMS

For the sake of convenience, the relation between the normal pressure coefficient Cy
and the aspect ratio 83, is shown in Figure 17-1, the reiation between the aspect ratio 8

and the ratio z of the distance of the center of the pressure from the leading edge to the chord
length is shown in Figure 17-2 (or Figure 186).
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2.5.2 EFFECT OF SCREW PROPELLERS ON CHARACTERISTICS OF RUDDER

5.21 Normal Pressure Caefficient C

Figure 17-1 shows the [ollowing facts:

a. As the propeller slip ratio s increases, apparent € reduces remarkably.
b. Even in the case of slip ratio 0, in other words, in the lack of aftstream by the screw,
Oy teduces remarkably compared with the case of open rudder. This can be regarded as the

effect of disturbance by the screw.

c. The abrupt decrease of C by stall is remarkably smali compared with the case of
open rudder.

5.22 Change of Center of Pressure

We must note that the position of the center of pressure shifts forward according to the
increase of the slip ratio 8, as shown in Figure 17-2. In the case of the open rudder, the
position of the center of pressure moves immedialely aft when the stall takes place.

On the contrary, in case of the rudder which works behind the screw, no abrupt change of

this kind can be recognized, at least for the cases of steering to port.




5.23 Normal Pressure Coefficient after the Stall

As shown in Figure 16 or Figure 17-1, the normal pressure coefficient of the open
rudder decreases considerably by the stall; on the contrary, that of the rudder which works

behind the screw does not decrease so much by the stall. It was clearly proved also by the

photographic observation that these phenomena were not due to the air draw.

5.2.4 Stall Angle

Figure 18 shows how the stall angle varies with the difference of the propeller slip

ratio and the aspect ratio of the rudder. Namely, the stall angle is a function cf s and 2.
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As a reference, the experiment result of the airfoil of 15 percent in thickness ratio in wind

tunnel is also shown in the same figure. Comparing this value with that of the open rudder,

which we got in this series of experiments, difference in stall angle is about 5 deg. However,
we are not sure about this difference, as there are differences in fluid, thickness ratio of the
foil, method of support, condition of the vibration, fineness of finishing of the surface, exist-

ence of the free surface, and method of experiments. It is, however, assured aiso by another

experiment that stall angle changes considerably by the effect of the screw.
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5.2.5 Considerations on Rudder Torque

As mentioned above, Cy and z are clearly proved to be a function of sand 8.
Therefore, it is not enough to design the rudder using the simple empirical formula, which
does not include the effect of 8 and 8. If we assume the posiiion of the rudder head as usual,
and calculate the rudder torque from Figure 17, at various propeller slip ratios, we can find
easily that the rudder torque can be in overbalance condition at large siip eatio s. This means,
in case of the design of rudders for tugboats and trawlers, we have to be careful in the
decision of the position of the shaft of the rudder.

26 CONSIDERATION FOR BEST RUDDER AREA

The expression of the normal force F can be manipulated as follows:

1 1 N
F= 5 pAVIC, = 3 p(20Y2V2 —

As is clear from this expression, -F changes by the values of Cyn/B, if 2b remains constant
(because Span 2b of the rudder is usually limited to some value which comes from the form

of the stern). That is, to increage the ares under Lu1s limitaiion means to reducs the valus of
B, and this results to decrease the value of €. Accordingly, we cannot say, in general, how
the value C /8 changes by the increase of the rudder area. Figure 19 shows the lift coeffi-

cient of the airfoil Clark Y with the thickness o 11 percent which was acquired by Zimmerman
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Figure 19 — Effect of Rudder Area upon Lift

in the wind tunnel. In the same figure, the value of €, /B is also shown. As Cy is almost

the same with C;, C; was used in this figure. From this figure, we can find the tendency
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that C; /B, namely, the total lift increases as 3 reduces (the area increases), notwithstanding
the fact that €, decreases at the same time,

Cy changes by the difference in airfoil section, wing thickness ratio, and by the
existence of the screw. In Figure 20, the value of Cy /B was calculated from the result of

this experiment ir which a symmetrical airfoil of 18 percent in thickness was used.
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Figure 20 — Curves of C, /8

(Rudder thickness ratio of the ordinary rudder is about 18 percent.) From this we can cec
that at the helm angle less than 15 deg, C'y /B increases by the decrease of 8 until 8 comes
to some value; however after that, this tendency stops and €y /B begins to fall down or in
other words Cy/B takes its maximum value at some value of 3. On the other hand, when the
helm angle is more than 15 deg, Cy/f3 always increases by the decrease of B, and this tend-
ency is especially clear after stall. This is also the same in the results of the open rudder
tests. Now, let us consider the best rudder area ratio again which we discussed in Part 1.
Figure 21 shows the steady turning diameter ratio at the helm angle of 35 deg. From this, we
can say that if the existence of the optimum rudder area ratio comes only from the character-

istics of the rudder, the true angle of incidence to the rudder must be iess than 15 deg, even
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at the turning by helm angle 35 deg, after the turning becomes strady. The measured values
of the drift angle in the previous series of steady turning tests are shown in Figure 20-1.
trom this figure, we can get the drift angle of the ship when the rudder of rudder area ratios
1/50 and 1/60 were used (Figure 22-2). Using these results, we can gt;t, while the shipis
turning steadily by the helm angle of 35 deg, the true angle of incidence of the rudder of helm
angle 35 dee for the ship of block coefficient 0.7 and 0.8, and rudder area ratio of 1/50 and
1/60, respectively, as are shown in Table 5. That is, we can see that, even in the steady
turning by the helm angle of 35 deg, the anele of incidence to the rudder is less than 15 deg.
Considerine the facts shown in Figure 20, we can say that the best rudder arca depends on

the characteristics of the rudder itself.

TABLI 5
Llock Coefficient Cy 0.7 0.8
Lenath of fodel (m) L 2.5 2.5
Helm Angle (degree) a 35 35
Rudder Area Ratio 4 a | 1/50 | 1/50 1/50 | 1/50
Lxd 1
Asnect Ratio 13 1.40 1.68 1.40 1.68
Radius of Turning
Circie (m) o .77 3.88 2.50 2.88 | Figure 21
Drifting Angle at
C.G. (degree) % 14.5 12.5 19.5 17.4 Figure 22-2
Orifting Anzle at
Rudder Position (degree) 81 328 29.0 41.5 37.5
Qeal Slip Ratio of
Propeller s 0.35 0.40
Cotrection Anzle Due to
S(cecree) 07 1.4 6.7 5.2 8.8
Incidence Angle of Flow
to Rudder (degree) 0, 9.6 12.7 2.1 6.3 | = a-(0,-6,)
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2.7 CONSIDERATION GF THE CONVENTIONAL
METHOD OF RUDDER DESIGN

For example, in order to decide the diameter of the rudder shaft, we have to know first
the normal pressure F and the distance of the center of the pressure from the leading edge of

the rudder. There are many formulas which give these values. Most of them are, however
- tal 3 Y

represented by the fellowing formula:

. 2. ]
£ =588 AV xsina equation by Be:\ufoyl

in Kg. M.S. unit
(" =(0.195 4+ 0.305 sina)C equation by JoesselJ

where V is the uniform velocity to the rudder,
s the radiler area,
C is the chorl length of the rudder, and
e is the rudder angle.

it s very convenient in this formula to relate V to the ship’s speed V. That is, substituting

V- (1« k) V_, kis an empirical factor, and expressing the normal pressure and the rudder

torque by the form of coeffictents, we will get the following forinula:

N 58.8 (1 + £)? sina
Av? . :
S
’, "'f 4
Cy= ——=Cyx(z-x)
CAV?

where z is the ratio of the distance of the center of the rudder stock from the leading edge
to the chord length € of the ruddet. The empirical factor £ differs accordine to the different
shipyards which design the rudder, and was found to range hetween 0.05 and 0.15 by the

investigation of the Nudder Committee of the Marine Association. In this empirical formula,

we cannot take account of the effects of €'y, w, s, and /3 separately. \ll of these effects are
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represented by only one empirical factor k. Also as for the position of the center of pressure,
the effects of the slip ratio s and f are entirely disregarded. €, and C,/ by these expressions
are shown in Figure 23 by broken lines.

Now, let us compare the result of our experiment with these values. Substituting the
relations 1 - 8=V, /NPg, and 1 - w =V, ,/V_in the expression Cy = F/%pA IVT’E? which
is used in Figures 15 and 17 to express the normal pressure coefficient from the result of our
experiment, we will get the relations:

, F 1 1-u\?
CNE 2=_PCN("’B’3)(
AV 2 1-3
M
Gf= = Oy (2-2,)
M N
cav? °

In order to compare the experiment results with the calculated value by the conventional
formula, we have to knuw first the value of « and s, and then calculate the value of €, and
Cyf» getting the value of Cy from Figure 17-1, corresponding to the slip ratio s and the aspect
ratio 8. The value of (1 - «/1 - s)2 depends mainly on the ship form, and we will calculate

these values for the general cargo ship of €y = 0.7 and oil tanker of C, = 0.8. See Table 6.
In general, both « and s increase as ihe ship

form becomes fuller, and so the value of TABLE 6

(1 —=«/1-8)2 does not change remarkably as a

result. As is guessed from Table 6, we can C © s (1-w/1 —3)2
even assume this value to be constant 1.27 NT10.27] 0.35 1.27
without serious mistake. Using this value 0.8]0.32 0.40 1.27

1.27 for (1 ~u/1-3)2, we calculated the

values of Cy and C,/ for two cases of Cp x 8 = 0.7 x 0.35, and 0.8 x 0.40 wken B is 1.80, and
showed them by solid lines in Figure 23. Here, 2, is taken as 0.295 always and the value of
z is shown in Figure 23. From this figure, we can see that C,/is remarkably underestimated,
even if £ in the formula is taken as 0.15. As the center of pressure from the formula is also
quite different from that of the experiment result, the rudder torque coefficient €'\ is much
smalier than the actuai value for the case of large helm ang
overbalance condition. When this formula is used, we must note this fact: Taking the case
of general cargo ship (8=0.35, B =1.8) and helm angle of 35 deg as an example, if we want

to get the value C,/ from this empirical formula and make this value agree well with the result
of the experiment, we have to take the value of k& as large as 0.30. This fact shows us more
clearly that we have to be very careful in the usage of the conventional formula in rudder
design. Of course, when the rudder is steered to a certain angle, the ship wiil have some
drift angle which will act to reduce the incidence angie to some extent, and make the torque

a little less than the value given by Figure 23. In the design, however, we had better
neglect this reduction.
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2.8 CONSIDERATION OF RUDDER TORQUE
RECORDED ON SEA TRIAL

Now we iike to investigate the applicability of our design data to the actual case of
ship rudder. The left and the right columns in Figure 24 show the time history of the rudder
torque, measured on each 5 ships by the magneto-striction type torsion meter, by the Ship
Performance Division and Hidachi Technics Research Institute, respectively. As these are

all the general type of cargo ships, we assume that they can be represented by one ship as
follows, for simplicity:

Block coefficient 0.7

Wake factor 27 percent
Drift angle at the position of the rudder 3 deg
Rudder thickness ratio 18 percent
Slip ratio, s 35 percent
Correction of angle for s 1 deg
Density of salt water, p 1.025 x 101.96
Real drift angle 2 deg

(Rudder section is symmetrical airfoil type)

Using these values, Table 7 is obtained from Figure 17. Then the torque M can be calculated
by the following formula:

1 1-u)\? 2 , 2
M= SeliTs) On(z-20) CAVE = Oy (2 - 2} CAV;

The results of these calculations are given in TABLE 7
Table 8 and plotted in Figure 24 at the time

. . .. a Cy z
when steering was just finished. The mark O

shows the case when the drift angle is 35 deg 5.1 0.378
33 deg 53.5 0.365

assumed to be 3 deg. As found from Figure 24,

these values agree comparatively well with the measured values, except for the case of the
NICHIYO-MARU. Accordinely, from the practica! point of view of designing the rudder, we

can cornsider as follows:

1. In the general merchant ship, for the purpose of evaluation of the rudder torque, we can
use the value of Cy and z of deeply immersed rudder, taking the rudder area as it is,
disregarding the offact of the depth of immersion.

9, We can disregard the small drift angle to the rudder which takes place right afier the

steering is finished.

3. If we want to use the formula of Beaufoy-Joessel, 0.30 should be adopted as the value
of the empirical factor 4.
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TABLE 8

Center of Twist. Mt.

Ship Name Chord Rudder Rudder Ship M-Ton
Length Stock Area Speed Drift Angle

C(m) , A(m)?2 V_(n/s) 2 deg (real)
KUNISHIMA-MARY | 3.0 0.289 16.31 f, 22; ‘f,;:
RYUZAN -MARU | 3.05 0.289 16.31 f,g‘;; }i;
NICHIYD -MARU 2.94 0.297 15.27 f,ggg i(l,;
SHINSEI  -MARU 3.05 0.312 16.04 i;g 343
WAKO  -MARU | 3.5 0.289 16.31 3,232 }32
GINKO  -MARU | 271 0.273 13.22 i;ﬁ ‘2;3
NIKKO  -MARU 3.25 0.308 19.01 f,;;g i?;
YUKO ~ -MARU | 2.6 0.276 12.73 f,;;: 23
YAMAZATO-MARD |  3.04 0.282 16.11 f, ;;2 i;g
TAIYU  -MARU | 2.97 0.289 15.91 f,;g 13:3

As shown in the torque curves of Figure 24, a sharp hump appears right after the steer-
ing finishes. This is very natural because the normal pressure decreases suddenly as the
results of the abrupt increase of the drift angle which happens right after the steering is
settled, In short, this peak is merely the one which comes from the large value of the

incident angie that exists for only a short perioc of time.

2.9 MISCELLANEOUS
2.9.1 EFFECT OF SCREW PITCH RATIO

It seemed possible to neglect this effect, at 1sast in the range of pitch ratio of 0.7—0.9.

29.2 EFFECT OF WAKE DISTRIBUTION AND EFFECT
OF DEPTH OF RUDDER IMMERSION

As already shown in the results of the sea trial, these apparently have little effect in
the calculation of the rudder torque. The effect of the depth of immersion is treated in Part 3.
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2.10 APPLICABILITY OF RESULT OF THIS EXPERIMENT

The screw and ruddor, which are used in this expariment, and their rolative position
correspond to that of the general merchant ship or the super-oil-tanker of full block coofficiont.
Accordingly, we cannot apply these results from the ship which has extraordinary values in
its rudder thickness ratio or number of revolutions of the main shaft, that is, to the ship which

has the abnormal relation between the propeller diameter and the rudder dimensions.

2.11. CONCLUSION

The author believes that we made clear two points which we intended to do, as
mentioned in the Introduction. That is, he believes we made clear that the best rudder area
depends on ihe characteristics of the cudder itself, and that we could offer the design chart

for the rudder, by which it is possible to consider the effect of wake of the ship hull and
also the effect of slip ratio of the screw.
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PART 3

EFFECTS CF THE DEPTH OF
SUBMERGENCE OF THE RUDDER ON ITS PERFORMANCE

3.1 INTRODUCTION

The design chart which we have already offered ic for the deeply immersed rudder.
The fact that the rudder torque calculated by this chart agrees comparatively well with the
rudder torque measured in the actual skip is already shown in Part 2, using some examples.
However, as the depth of immersion of the rudder is usually not so large in general cases, it
is unreasonable to use this chart to calculate the characteristics of the rudder which is not
immersed deeply. The fact that they agreed fairly well, seemed to come from some other
reason. Here, we performed again a systematic series of model experiments to find these

reasons. This part reports these results.

3.2 MODEL RUDDERS AND PROPELLERS USED

Three model rudders used in this experiment were selected from the five rudders
mentioned in Part 1, and the aspect ratios are respectively 1.12, 1.40, and 1.68. The model

screw is one of the three model screws also mentioned in Part 1, and the pitch ratio is 0.8.

3.3 SETUP ANC RESULT OF EXPERIMENT

The experimental setup is the same as that described in Part 2, but the depth of
immersion was varied.

Because the performance of the rudder can be affected by the direction of turning, port
or starboard, when it is not sufficiently immersed, we carried cut the tests of the turning on
both sides in this series of experiments, whereas in the experiments in Part 2, when the
rudder was sufficiently immersed, we tested port side only. We showed the results of our

measurement in Figure 25 in the form of the normal pressure coefficien:.

3.4 CONSIDERATIONS ABOUT RESULT OF EXPERIMENT

241 RELATIONS BETWEEN NORMAL PRESSURE OF RUDDER AND
DEPTH OF IMMERSION

Figure 26 shows the effects of the depth of immersion on the notmal pressure coefficient
of the rudder, which were obtained from Figure 25. Figure 27 shows the relations between
Cn/Cyeo 8nd /25, in order to help understand the depth of immersion. Symbol « shows the
case when the depth of immersion is big enough. That is, as found from Figure 27, except in
some special cases the effect of the depth of immersion on the rudder seems to disappear
when /25 bocomes larger than about 0.9. As is easily found from Figure 27, also the effect

of the depth of immersion increases as the slip ratio of the propeller becomes larger.

97 (Text continued on page 105.)
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Figure 26-2 — Effect of Immersion upon Cy (B = 1.40)
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For the general merchant ship, for example, Cy decreases by 35 percent compared
with Cyoo , if /26 is assumed to be 0.5 (trial condition) and s is assumed to be 35 percent.
In short, we cannot disregard the reduction of the normal pressure of the rudder by the effect

of the depth of immersion, especially when the rudder is not deeply immersed.

3.4.2 RELATION BETWEEN CENTER OF PRESSURE AND DEPTH OF
IMMERSION OF RUDDER

Figure 28 shows the relation hetween the position of the center of pressure and the
depth of immersion of the rudder, which was obtained by the experiment. The solid line in
the figure corresponds to the case when the depth of immorsion is large enough, and is
identical with the one that is already reported in Part 2. From this figure we find that the

center of pressure moves aft, according as the depth of immersion becomes smaller.

3.4.3 RUDDER TORQUE

As mentioned above, when the depth of immersion is not enough, the characteristics
of the ruddor deviate from that of the deeply immersed rudder. Then, how do we expiain
the rudder torque changes?

According to our way of expression, the normal pressure F of the rudder is shown by
the following forinula:

1 1 -wy 2 C’V
F==p(206)2 2( ) —
20( ) Vs 1 -3 % ;‘3

Accordingly, the ratio of the rudder torque with that of the deeply immersed rudder is

expressed as follows:
—_— = = X
M Fo (2o~ Z¢) (CN@> Zo- 2,

oo

Here, the symbol o shows the case of deeply immersed rudder,

The effect of immersion upon the rudder torque will become clear if we take an
example as follows:

Taking a case of an ordinary cargo ship in trial condition and assuming thac:

Depth of timersion of the rudder, 1/20 0.5
Asnect ratio of tne rudder, 3 1.6-1R
Position of the ceater fine of the stock

from the leading edze, z, 0.295
Stip ratio referred to effective pitch Pp, s 37 percenat
elm angle, & 30 dey
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Figure 28-1 — Center of Pressure When Depth Is Varied (8 = 1.12)
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then we will get,

Cn/Cphoo + 0.65 see Figure 27
z = 0.38 see Figure 28
T, =0.35 see Figure 17 (or Figure 23)

Therefore, the ratio of the rudder torque will become:

M Cy z =% 0.085
—_ = x =0.65 x
Mo Cyn  2w- % 0.055

= 1.0

That is, even though the characteristics of the rudder change considerably with the change
of the depth of immersi'on, the rudder torque does not change so much, in general, when the
rudder angle is large. This is because the effect of the reduction in the normal force and the
increase of the distance of the center of pressure from the leading edge cancel out each other
and apparently give the same torque. Now, we know the reason for the good agreement of ths

rudder torque of tho actnal ship with that of the deeply immersed ruvdder as we mentioned in
the Intrcduction, 3.1.

3.4.4 EFFECT OF STEERING DIRECTION

It can be imagined that the performance of the rudder will be different when steer-
ing to starboard or port, and this will also be affected by the difference in the depth of
immersion of the rudder when the rudder is working behind the screw. We can, somewhat,
investigate the effect of the turning side (port or starboard) upon the performance of the

rudder, using the test results shown in Figure 25, but the details about this problem will be
omitted here.

GENERAL CONCLUSIONS

The most important results obtained from these three series of experiments described
in Parts 1, 2, and 3, respectively, are:

1
Le

The best rudder area exists, at least for the general merchant ship, and from the
limitation of the draft, the best rudder area ratio 4/L - d is usually about 1/45 corresponding

to the aspect ratio of about 1.92.

2. Increase of the maximum helm angle is more effective for improvement of maneuverabil-

ity than is increase of the rudder area only. The author believes that the maximum helm angle
can be increased to about 45 deg.
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3. The reason the optimum rudder area exists in the general ship is as follows: Even in
case of the turning by large helm angle, the true angle of incidence of the stream to the rudder
during the steady turning is considered to be very small (say, about 10 deg). The raiio
Cy/ B of the normal pressure coefficient to the aspect ratio, which decides the rudder force
F, takes the maximum value only in case of such a small angle of incidence. The correspond-
ing aspect ratio is about 1.2. '

4. The effect of the depth of immersion of the rudder disappears when the depth of
immersion //2b is about C.9. As the depth of immersion decreases, the rudder force decreases
considerably, and this tendency is larger at the lacger propeller slip ratio. Moreover, the
position of the center of pressure tends to move gradually aft. As for the rudder torque,
these two effects cancel out each other, and consequently no apparent difference is produced

by the diffecence in the depth of immersion.
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DISCUSSIONS
S. Bindel:

I should like to present three remarks regarding Part | of this interesting paper. The
first concerns the comparison between model and ship turning circles. If, for a single-screw
ship or for a twin-serew and twin-rudder ship, a balanee may exist between the scale effect
due to the nonrespect of the Reynolds number and the seale effect due to the nonrespect of
the propeller, this is not exact for a twin-screw ship with one rudder, because interactions
between propeller and rudder are small. In this case we generally find that, for a given
rudder angle, the turning diameter of the actual ship is smaller than the diameter of the model:
the difference is often up to 10 percent.

The second remark concerns the speed reduction in turning. This reduction depends on
the type of engine driving the propeller. For exanple, if nothing is changed ca the control-gear
of the engine, the torque (for a motor), or the power (for a turbine), or the rpm (for an excited-
field d-c motor) may remain constant. For a valvahle comnarison, model experiments have to
be carried out in the same conditions. This is not generally the case if the model is free; on
the contrary, under a rotating arm it is possible to realize any condition.

My last remark concerns, for a single-screw ship, the difference in turning performance
to port and to starboard. An explanation may be the following: generally, on a ship of this
tyvpe, streamlines go up at the stern of the hull; there is an upward component of the velocity
in the disk of the propeller. For a right-handed propeller, the angle of incidence on a blade
and therefore the thrust i1s increased on starboard and decreased on port; even with a zero

rudder angle, the ship then tends to turn to port.

R. N. Newton:

I thought that the authors might have given some more useful information about another
parameter which affects the TD/L. and this is what we call the area of the cut-up. Now in
this series of experiments this area of the cut-up does not change. Comparing one ship with
another when the areas under the stern profiles are very different, there can be a larpe effect
on tlis ratio TD/L. This was proven by a gentleman [ mentioned vesterday, Mr. Wigley, who
carried out an investigation for us many vears apo. Fortunately I brought his formula along.
In effect, Wigley took the results of 46 warships and analyzed them (there were 23 of them
which were of similar form), and he obtained a straightforward formula from which one could
obtain the TD/L very approximately, which would certainly enable the designer to compare

two ships. The formula reads like this:

TD/L = 0.00823 (LD—AC) L/A B.

I would close, in the hopes that the author will accept these comments to the paper.
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H. E. Saunders:

I should like to complement what Mr. Newton has just said. I think that all of us should
appreciate perhaps a little better than we do, the reasons for some of these things. Mr. Newton
knows, but didn’t say so, that the pressure field developed by the rudder, differential positive
pressure on one side and the negative pressure on the other side, extends to the hull, so that
a considerable amount of the lateral force which produces the turn is exerted on the hull, but
rarely is ¢!l of it exerted on the rudder. I haven’t had an opportunity of studying Dr. Shiba's
paper sufficiently to know whether that was taken into account or not. Mr. Newton says,

““the area of the hull in the vicinity of Dr. Shiba’s rudders is constant so that whatever the
factor is, it i1s the same except for the fact that different rudders of different sizes and laid
at differert angles produce different pressure fields and different pressure intensities.”

Some experiments which have been run at TMB show that in a modern ship with a rud-
der of a little different type than this one, one-third of the total lateral pressure at the stern
is exerted on the hull and only two-thirds hy the rudder. 1 haven’t made any studies, but |
am convinced that in the old-time sailing ships, where the rudder was simply a narrow plank
extending up and down at the stern (it couldn’t be very large because one or two men had to
handle it) up to 4/5 of the total lateral force was exerted on the stern of the ship and only
1/5 on the rudder. That is admittedly a guess, but almost every case we have found, recard-
less of the type of the hull, untess thec hull is absolutely flat under. cath and the rudder is
separated from it at a distance, that some considerable porticn of the iateral force that causes
the ship to turn is exerted on the hull, not on the rudder, but by the pressure field created by
the rudder.

Now to supplement what Mr. Binde! =aid about reasons why a single-screw ship with a
right-handed propeller has to carry right rudder to handle it in a straight course and keep its
heading. As pointed out by Professor llovgasrd back about 1942, the reason why the ship
wants to swing with its head to port is not because of the excess thrust executed on the
right-hand blade on the starboard side of the ship (and there is a great deal of excess thrust
exerted on the right-hand blade) but that the differential pressure set up by those blades
working at a large angle of incidence causes a greater reduction of pressure on ihe starhoard
side of the hull than it does on the port side. The reduction of pressure acts with the mo-
ments from the c.g. to the stern, whereas the-increased thrust on the starboard blade acts with
a very small moment. Professor Ilovgaard has brought this out, and I think it is quite conclu-
sively proved that the turning moment on the ship is developed by the greater numerical reduc-
tion of pressure on the starboard side of the afterbody than on the port side of the afterbody.
The whole side of the huil is subjected to that reduced pressure and the ship wants to move
over, as shown by diagrams in my-book (/ydrodynamics in Ship Design, Vol. 1) under the sec-
tion entitled Hovpaard effects. (We actually decided tc name this section before Professor
Hovgaard left this world.)
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The fact'that the ship does carry starboard rudder with right-hand propeller is impor-
tant because it comes up also in the spira! test (the Dieudonné test). If you run a test on a
ship with a positive stability of route, you get one graph when you plot the rate of change of
heading, against rudder angle, but that graph does not pass through the zero point. In other
words, it indicates that when the rate of change of heading is zero (when the ship is not
swinging), two or three degrees right rudder is needed. Admiral Dieudonné may have pointed

that out about 11 years ago with circulars his institution put out.

J. P. Breslin:

I wondered whether the break in the curve of normal force coefficient versus angle of
attack is attributed to ventilation of the rudder, or is it due to partial separation? 1 would
like to comment with regard to some observations which were made on a program run by the
NACA (now NASA) and one which was run at the Davidson Laboratory under the NACA spon-
sorship on the phenomena of aeration or ventilation. (Captain Saunders has another word for
this.)

My reason for bringing this up is that it has a bearing on the usability and interpreta-
tion of model data for such things. We found out that if a surface-piercing strut is run at
various yaw angles, or angles of attack, it is like a rudder that is partially emerged. Struts
of aspect ratios (span divided by the chord) varying from 2 down to !4 were run. (Lift
coefficients versus angle of attack, a, were plotted.) During the tests at an angle of attack
of about 18 to 20 degrees, we would observe almost spontaneous or rapid injection of air or
ventilation. We found ou! that if you make a plot of the lift coefficients versus angle of
attack, a, the curve increases at approximate!y one slope and then there is a jump down and
the curve would then rise again at a different slope. In certain cases the drop would amount
to about one-third of the original magnitude. The people ai NACA weore able to relate the
occurrence of the ventilation witn the appearance of separation on the section; that is, they
found that if they had a dead-water region on the lee, or suction side the dead-water region
behaved as though it were statically replaced by air.

The foregoing raises the question as to the legitimacy of such experiments on rudders
(where one i1s married by the Froude numbers to operate at low speeds) because the separation
phenomenon on rounded leading edges is expected to be Reynolds-number dependent, and you
could get separation on a model. It is of course known that, for large aspect ratics, stalling
occurs at very small angles of attack at very low Reynolds number. Luckily low-aspect-
ratio rudders are not as sensitive to Reynolds number.

Moreover, another phenomenon which is not shown by Dr. Shiba’s paper is that after
having generated an aerated pocket if the rudder angle is then decreased the lift curve closes
back (hysteresis loop) at a point (a) depending on the Froude number. As we increase the

Froude number (bascd on the chord of the foil), the closing points move back progressively,
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seemingly to approach a limit, so that perhaps, at some infinite Froude number, we might have
a condition where there is no further reduction in a. So I think that with rudders which are
piereing the surfaee, or perhaps near the surfaee, where there is a possibility of aeration it
must be borne in mind that there are two regimes whieh you can operate in and the eondition

under whiel thcse two regimes will be obtained may well depend on the scale.

S. C. Gover:

I would like to ask Dr. Shiba if he has made any tests in which he increased the rudder
area without changing the aspect ratio, in comparison with changing the area and the aspect
ratio simultaneously as in these studies? In this case he kept the span constant; therefcre,
to increase the area he had to increase the chord. Consenuently, there are two variables
shown here and I am curious whether there are any material differences in the tactical diam-
eter or normal force coefficients whieh might have been shown in comparative tests.

There 1s one short evmnment in regard to the unstable flow regime. In frec-running model
tests, we have run into this so-ealled rudder breakdown phenomenon. In trving to dupiicate
a problem, we are uncertain whether we are going to get a large tactical diameter or a small
tactical diameter; in one case rudder breakdcwn occurs, and again under what seem to be:

identical conditions there is no breakdown.

A. Toplin:

I have just two auestions to ask the aithor. One, in connection with Figure 24 which

5

shows a eomparison for various ships calculations, is very simple; are the torques on an

actual ship at sea or are they on a model of a ship? The other question, the drift angle

i

wouid aiso depend on the rate at which the rudder is turned. If the rudder is turned instan-
taneously, you would get virtually no drift angle. I would like to ask Dr. Shiba what rudder

rate was used in these tests; the angular rate, the time it takes for the angle to go from 0 to
35 degrees?

A. Suarez:

Were any tests made to determine whether there was a region of directional instability
in any one of the three vesseis? Did these vessels track straight? Were they dynamically
stable? 1 have a suspieion that these vessels were probably dynamically unstable because
of their block eoefficients. Is this why you had a variation of highest turning rate with

inerease in the block eoeffieient?
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‘Author’s Written Closure — Answer to Captain Saunders:

I appreciate very much your discussion. Wken a ship has a definite drift angle in the
stationary turning, it is clear that the lataral force due to the rudder becomes very small be-
cause of the considerable decrease of incidence angle to the rudder, whereas the pressure
difference due to the circulation around the hull deveioped by the drift angle becomes very
large. Therefore it is quite natural to get different tuming character with a different ship
hull which has a cut-up area, for example.

Next, I would like to express a little different opinion from yours as to why a single-
screw ship with a right-handed propeller has to carry right rudder to handle it in a straight
course and keep heading. In such a condition, the differential pressure acting upon the hull
which comes from the circulation around the hull need not be taken into consideration because
of its trivial amount. As you pointed out, it is true that the reason the ship wants to swing
with its head to port is not the excess thrust executed on the right-hand blade on the starboard
side of the ship. This excess thrust comes from the upward flow to the propeller disk and is
really very small, whereas the differential force between the upper side blade and the lower
side blade is pretty large aud has opposite sense compared with the above-mentioned excess
thrust. Therefore this forcc makes the ship swing with its head to starboard and not to port.

The author believes that the reason a righi-handed single-screw ship with the rudder
in midship has a tendency to swing with its head to port, as you pointed out, must be attrib-
uted therefore to the differential force of the rudder (of zero angle) between the uppet half
and the lower half, which is very iarge and effective and has the opposite sense compared
with the force by the propeller to swing with its head to starboard. As the herizontal inci-
dence angle of the flow to the rudder (of zero argle) on the upper half is larger than that on

the lower helf due to the difference of the slip of the blade of propeller (Figure 1), the differ-
ential force between the upper half and the lower half of ihe rudder of zero angle is very
large and makes ihe ship turn port side. A detailed numerical explanation is in my answer
to Mr. Bindel.

Then if we test the course-keeping quality of a right-handed single-screw ship without
rudder, the ship must be expected to swing with iis head to starboard because of the nonex-
istence of this large left-turning moment of the rudder of zero angle. You may be convinced
of the fact if you notice the results of the tests with the three models without rudder. As

shown in Figure 2, all of them have a tendency to turn to starboard.

115 =



Angle of Flow Meosured of 0.5 D Behind Propeller

Horizontal
Single—Screw Modet Ship, C, =0.78
1OR . n
- Right —Honded Propelte:, o = 0.8
T -
5 = 06
G5
Flow Angle from Storboord
N ! o 20 30 Deg.
30 2c 10 T ! T
Flow Angle from Port ’
-0.5
z -1OR
By OKADA
Figure 1

Turning Directions Tested With 3 Free-—
Running Models Without Rudder

m
seote = L (Lp=2.5™
250 €,=0.6
® o
$ °
& ° . Gor
© D' ©
o& ro
0’ *»0
(-]
4> *°
00 *0
» o
o 0
Port & Starbaord r o
o
o &
v o
& . o*
+v °t :
: o
©
x e
Q
§
v £
x 2 P * ]
¢ 2
] v O -
3 o% © X o x Cb (oK}
| o o) o o,
I\
Q + °
g’ o ° ¥
*
v P o$ ®
& x
§ , :
° x
4 o
b x
| 0o
b { '
. 1)
« Yo o ¥
cle to xO , OFX
1
Figure 2




Answer to Mr. Newton:

The effect of the cut-up area on the turning of the ship is to be considered as one of

the effects of hull forms on the turning, like the block coefficient, rake of the stem and bilge
keels (dimension and position).

In this paper, however, where the optimum rudder area was its main concern, this was
not discussed at all.

1 appreciate very much your explanation about thjs problem.

Answer to Mr. Gover:

In case of the single-screw ship with single rudder, which was the main concern in
this paper, if we increase the rudder area, keeping the aspect ratio constant, the lower edge
of the rudder will come lower than the sole piece, and it is not practical. For this reason, |
did not make this variation in the main series of the tests.

In a certain twin-screw ship with single rudder, however, i tried this variation; Fig-

ure 3 shows the results. In this case, as is clear from the relation

1 V2 L on® v
F=--é- pA VCy =-é- p(20)° VCy\/8,
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if we increase the rudder area, keeping the aspect ratio 8 constant (namely, keeping the sim—
ilarity of the shape), the Cy/B stays constant; accordingly the rudder force F will increase
linearly with the increase in the value (26)2, or the square of the span 256. Therefore the tac-
tical diameter, advance, or the stationary turning diameter wili be improved cortesponding to
this increase of the rudder force. However, we cannot expect so much improvement because
the rudder force F or C), is usually small while in the steady turning condition even at helm
angle of 35 degrees. As a result, | would like to conclude that to increase the rudder angle
would be more advantageous than to increase the rudder area.

By the experiments with aerofoils, we know very well that the stall angle is unstable
and sometimes the lift coefficient curve after stalling takes a curve of quite different nature
under what seems to be identical conditions.

Even at the same incidence angle, the stall angle and also the lift coefficient curve
after stalling take a different angle and a different curve respectiveiy, owing to whether we are
increasing or decreasing the angle to the definite angle.

Of course this phenomenon is the same in the case of rudder. However, when the ship
is going to turn by steering, the stall of its rudder is instantaneous because of the quick de-
crease of the incidence angle following the quick increase of the drift angle. Therefore, after
the ship 1s transferred to the stationary turning condition, the incidence angle of flow to the

rudder 1s inuch less than the unstable stall angle and the lift coefficient takes always a def-

inite value. As a result, if we keep the condition always the same, we will get the identical
value so far as the stationary turning diamcter is concerned.

As for the air-drawing of the rudder, please refer to my answer to Dr. Breslin.

Answer to Dr. Breslin:

1 dare say that the break in the curve in Part 2 is surely attributed to the separation and
not to the ventilation (air draw). It is because the depth of the upper edge of the rudder from

the free surface was always kept to be equal to the span 25, deep enough to avoid the air

draw, in the tests. Of course, we could never observe the air draw during the tests.
1 appreciate very much your discussion about the air-draw phenomenon. The author

himself also started the study of this phenomenon about 20 vears agoe, and published a paper

about the air draw of screw propeller ten vears before. 1 would like to send you a copy of
this paper and would wclcome your comments on it.

In this report I made clear that for the occurrence of the air draw the separation is nec-
essary but is not a sufficient condition, snd it depends also upon the Weber’s number. Also

I found that the critical advance constant, that is the advance constant where the thrust drops
. . . . L , ‘ T2
abruptly because of the air draw, is a function of the Weber’s number W = nD ‘/E D, and the

minimum Weber's number where the effect of the Weber’s number diminishes is about 1.8 x
102 (Figure 4).
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In goneral, for the screw propellers of actual ships, the Weber’s number is pretty much
larger than 1.8 x 102%; accordingly there is already no offect of the Weber’s number.

For the mods! ships, however, usually the Weber’s number for their screw propellers
is less than 1.8 x 102, Therefore similarity does not exist between model and actual ship so
far as the air draw of screw propellers is concerned. Namely, we need to modify or judge the
results of self-propulsion model tests considering the effect of the air-draw phenomenon as well
as the effect of cavitation.

The situation is almost the same in the case of the rudder tests. If we apply the re-

sults of screw propellers to the rudder, the minimum Weber’s number is roughly given by

—

W=V\,—;—R_20.15x102

where V is the velocity-of flow to the rudder,

S 18 the surface tension, and

R is the radius of the leading edge of the rudder.
This means, in order to keep the similarity concerning the air-draw phenomenon, the dimension
of the model rudder should be large enough to have the Weber's number larger than 0.15 x 102
Fortunately, this condition is satisfied if we adopt the model ship larger than about 5 meters
long, which is practically possible. As the air draw of the rudder is closely related to the
separation, we have to be careful, especially in the case where the rudder is steered to a

large helm angle by which the sepsration is apt to take rlace. However, even when the helm
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angle is large, the drift angle of the ship increases rapidly right after the rudder is settled.
As a result, the ineidence angle of the flow to the rudder decreases also remarkably. Aecord-
ingly, even if the air draw were induced by the separation, it is instantaneous or lasts for
only a very short period of time (Figure 22-1, Figure 24 in my paper) and will vanish pretty
soon following the disappearance of the separation. Therefore in the stationary turning, we
need not worry about the scale effect by the difference of the Weber’s number between model
and ship beeause of the nonexistence of the air draw.

The scale effect due to the difference of the Reynolds number exists on the rudder as
well as on the hull. However, as is seen from the NACA report on the aerofoil, that effect is
very small while the incidence angle of the flow to the rudder is very small. Accordingly, we
can assume that the effeet of the Reynolds number is negligibly small for the rudder while the
ship is turning stationarily in which the ineidence angle of the flow to the rudder is small.

These are shown in the fact that the results of model tests agree very well with the
results of the aetual ship, even though we use the small model of 2.5-meter length, as far as
the stationary turning diameter /L is concerned

Considering the facis that the effect of the Weber’s number and that of the Reynolds

number can be neglected in the stationary turning, we adopted 2.5-meter model ships for
convenience.

Answer to Mr. Taplin:

The curves in Figure 24 show the rudder torque and steering velocity measured on the
sea for several actual ships. Of eourse, the turning 2ngles of the ships were measured simul-
tancously. The drift angle, right after the helm angle was settled to 35 degrees, was generally
about 3~6 degrees. The circle marks show values of rudder torque just after the steering was
over, estimated through the data acquired in this series of model tests. 1n doing this, as the
drift angle is modified by the propeller, an angle of 33 degrees [ = 35° — (3° - 1°)] was used.

As for the model ships, the time it takes for the angle to go from 0 to 35 degrees was
adjusted to take always about 1.6 seconds.

The effcet of the time is now under experiment. llowever, we need not worry about it,
so far as the siationary turning is concerned. As you know, my main object of study is to find

the best rudder area and to make clear why the best rudder area would exist.

Answer to Mr. Suarez:

In order to investigate the course stability or straight-course-keeping quality, I made a
plot as shown in Figure 5, by taking the value L/D versus rudder angle from Figure 5 in my

paper. The value L/D at rudder angle zero in this curve can be eonsidered as an index of
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course unstableness. All of the curves show tuat values of L/D at zero rudder have more or
less definite positive values. In other worus, all of these hulls are not stable in course and
cannot go straight.

From the amount of this L/D value, we can judge the degree of course stability for
twin-screw ships.

For a single-screw ship, however, we cannot use this value of L/D at zero rudder as
the criterion of course stability. The reason is that, for a single-screw ship, as there are
upward flow and vertically varied wake distribution, the propeller gives two turning moments
of opposite sense and also the rudder gives another turning moment—for example, with a right-
handed propetler there are left turning moments by the propelier due to the upward flow, rignt
turning moments by the propeller due to the vertically varied wake dist.ribution, and also the
left turning moment by the rudder of zero angle due to the difference of the horizontal inci-
dence angle by the position in the upper and lower part of the rudder. Therefore it is not
clear whether the value of L/D at zero rudder is due to the unstability of the ship hull or to
the above-mentioned turning moments due to the propeller and the rudder.

However, as you find in my answer to Mr. Bindel's discussion, the left turning moment
by the right-handed propeller due to the upward flow is negligibly small compared with the
right turning moment by the propeller due to the variation of the wake. (See Figure 2. These
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are the results tested with three models without rudder, all of which indicate a right-hand
turning tendency.) The left turning moment due to the rudder of zero angle is remarkably
larger compared with either of them. As a result, the right-turning screw ship has the tendency
always to turn to port side. From this fact, for single-screw ships, we cannot simply con-
sider the L/D value of zero rudder as the index of course unstableness.

According to the increase of the block coefficient, the value of L/D at rudder of zero
angle increases gradually. This is natural, because the resistance to the turning decreases
gradually with increase of the fullness.

To discuss this problem of course-keeping quality further, we need some tests planned
for this purpose. The author has made a special device to give the pure turning impulsive
moment to the free-‘running model and tried to investigate this character precisely; however,
he failed to get the necessary turning angle because of the short capacity of that device, and
the author has to say that the course-keeping quality for these models is nct yet clear. These
three types of models are, however, the representative hull form of ships constructed in Japan
in present days, and we do not hear about any trouble of their course-keeping guality. As for
the reference, I will show you the standard of the rudder area ratio for Japanese single-screw
ships.

1/64 for ordinary merchant ships. 1/72 for supersized oil tanker.

This shows that actually there are no objections to using a smaller rudder area with the in-
crease of the block coefficient because of the decrease of the turning resistance and because

cf the trivial increase of difficulties in course-keeping qualities.

Answer to Mr. Bindel:

1. Usually because of the difference of the wake fraction by the scalc effect, the
number of revolutions of the propeller of the actual ship which sails straightforward is 1~3
percent higher than that of the self-propelled model modified by the friction correction. During
the turning also, even if we could succeed in getting the proper amount of friction correction
in model tests (that is still unknow= in present days), the number of revolutions of the pro-
peller of the actual ship is expected to be a little higher than that of the model.

In the single-screw ship with a single rudder. as the velocity of the flow to the rudder
is about (1 — «¥) v+ sNP = NP, the rudder force in the actual ship is larger than that of the
model ship by the difference of the number of revolutions. This means a smaller turring diam-
eter for actual ships than for the model.

Ilowever, if we do not execute the friction correction for the seli-propelled model in the
turning test (actually the amount of this correction is not yet clear in want of data), the number
of revolutions of the model propeller becomes a little higher, and as a result, the rudder force
increases; therefore the turning diameter cannot be considered always larger than that of the

actual ship. The author tried to check this, and found that these effects almost cancel each
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other, fortunately, and the turning diameter was affected very little at all by the scale, in
general. This report is mainly concerned with the case of single-screw ships.

In case of a twin-screw ship with single rudder, the rudder is not affected so much by
the ship stream of the propeller as is a single-screw ship, where the rudder force is governed
by the velocity of (1 — «) V. Accordingly, its turning diameter is always smaller in the actual
ship than in the model regardless of whether friction correction is added or not. The author
has no definite idea whether the amount of this difference is 10 percent or not, as he has
never tried the comparison tests about this point. However, generally in twin-screw ships,
the block coefficient is rather small and accordingly the wake fraction is small. Accordingly,

we can consider that the difference in turning performances between ship and ‘model may be
not so large.

2. As you pointed out, the speed reductior while the ship is turning depends pretty
much upon the character of the main engines. The results in this paper were those of models

driven by the d-c shunt motor, as is reported in the paper. Accordingly, if we assume that

turning speed will be reduced according to the decrease of the number of revolutions. In
order to investigate this difference of the character of the main engine, the author also tried
to use the small internal combustion engine; however, it was not stable in its perforiiance so
he could not get the satisfactory results.

3. Lastly, I would like to answer about the straight-course-keeping quality of ship.
For example, in case of the single-screw ship with 3 right-handed propeller, even at zero
rudder, there are three factors to induce the moment to swing the ship’s head as follows:

The first is the effect of the upward oblique flow at the position of the propeller.

The second 1s the effect of the variation of the wake distribution along the vertical
direction at the screw disk.

The third is the effect of the unbalance of the lateral force of the rudder (of zero
angle).

The first will give the ship a moment to turn to port, the second to starboard, and the
third will give a moment to turn to port. (About the wake effect, please sce Figure 1 in my
answer to Captain Saunders.)

The author roughly estimated the amount of those moments as follows:

When the propeller works in nonuniform or oblique flow, the relative advance speed to
the flow and the angular velocity of the blade element varies with the position while it is
turning. For this reascn if we take the average during one revolution, a certain amount of
force and moment to a certain direction will be produced by the propeller.

Suppose that there is the flow of velocity u to the negative direction of y-axis, the

angular velocity @ of revolution of the propeller varies partially as follows:

% sin y

80 =~ ¥
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Figure 6

From this variation, the propeller will produce a moment M around the y-axis.
wo-2 ( 1oL S (1)
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When we express the nonuniform flow on account of the difference in wake fraction by
the position by
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The valu, expressed by Equation [1] is the moment to turn the ship to port on account
of the upward oblique flow to the propeller, and Equation [2] shows the moment to turn the
ship to starboard on account of the difference of the wake fraction by the position.

For the 2.5-meter length model, if we assume

v =1.0 m/s (ship speed)
v =0.25 (mean wake fraction)
J =05
2.5
p =——"m

2
¥ =0.27 v (corresponding to 15 deg oblique flow)
dK, dK

~ =-0.36, ;f = - 0.038, ¥, = 0.18, K, = 0.026
we can estimate roughly

M =-0.0017 kgm

{Z = 0.018 kgm

Namely, the moment to turn to starboard on account of the nonuniform flow of the wake
is much larger than the moment to turn to port on account of the upward oblique flow. Now the
horizontal incidence angle of flow to the rudder behind a screw is known in Figure 1 (Answer
to Captain Saunders). Assuming this relation as shown in Figure 7 for convenience, the author

estimated the value of turning moment of the rudder (of zero angle) applying the blade element
theory as

Fl =~ 0.102 kgm

Flow Angle
FI.O R

-i-o.s

L 1020 Deg. s

-0.5

~1L.OR

Figure 7
Negative sign means port turning.

Namely, the author concludes that the moment from the rudder (of zero angle) is the
most predominant among these three, and the result is that the single-screw ship swings its

head to port. As to the turning direction when the single-screw ship is without its rudder,
please refer to my answer to Captain Saunders.
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When the rudder is steered to a certain angle and there is the upward oblique flow, we
have to think that there is already a circulation around the ship’s hull. Accordingly the turn-
ing moment of the hull must be taken into consideration; however it does not play so big role

in the turning of the ship when the ship is keeping its head almost straight by a very small
heim angle.
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ABSTRACT

A design method for rudder calculations is presented. This method, now
in use in the Bureau of Ships, is an aerodynamic approach to deiermination of lift,
drag, bending moment, and twisting moment. A numerical axample is worked out
for a spade rudder, including allowances for aspect ratio, sweep angle, taper ratio,
and effective speed and angle of attack. This design example includes a method
for going from rudder hydrodynamic torque to steering gear torque. In addition,
the paper discusses other practical considerations in rudder design, such as the
materials commonly used for all-welded and for socketed connections of rudder-
stock to rudder, rudder plating, and framing; design features of antifrietion and

sleeve bearings for rudderstock; and design of bearing seals for rudderstocks.

INTRODUCTION

A combination of rudder and hull can be designed to provide good turning, course-
keeping ability, and ability to initiate and check rapid swinging. Specific numerical criteria
for ihese qualities are available in Reference 1.* Also a comprehensive analysis is available
in Chapters 37 and 74 of Reference 2 and in Reference 3 for determining rudder location, area,
and planform.

This paper describes the rudder design work that follows after the rudder location and
shape have been preliminarily selected. Such design work involves computing the hydrodynamic
forces and then determining structural and mechanical features for reliability with low cost.

Although these are not official standards, they represent current praciices by designers
in the Bureau of Ships.

RUDDER FORCES, TORQUES, AND MOMENTS

In the computation of rudder forces, bending moments, and torques, we use aerodynamic
methods plus ailowances from experience. For this discussion, cavitation is exc'nded. In the
simplest terms, we convert a ship rudder into a more-or-less equivalent free-stream control

surface for which we have wind-tunnel data. This procedure wili be explained for the case of

a spade rudder in a propeller race.

FLOW SPEED AND ANGLE OF ATTACK

One of the early steps involves finding the speed and angle of attack for the ship rudder.
Figure 1 shows model test data for the velocity field at the rudderstock of a twin-screw, twin-

rudder destroyer, taken from Reference 4. This represents the ship going ahead in a straight

*References are listed on page 139.
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Figure 1 — Velocity Field at Rudderstock Propeller Slip). This is rather conservative,

for a Twin-Screw, Twin-Rudder Ship and results in rudder forces which are not

likely to be exceeded. The choice between 80 percent and 100 percent is a matter of judgment,

based cn now much of the rudder is in the propeller race.

2. The assumption that the effective attack angle is 5/7 of the actual rudder angle. This
allows for drift angle at the rudder, and is based on trial experience and the convenience of
5/7 as a coefficient. Thus, in considering a 35-deg rudder angle we would enter the wind-

tunnel data ai 25-deg attack angle. (See Lines 1 and 2 of tabulations in Appendixes A and B.)

EFFECTIVE ASPECT RATIO

One more ‘‘equivalent’’ is needed before we can use free-stream data, and that is the

effective rudder aspect ratio. In ideal cases it is span squared over area, and it is doubled if
there is little or no gap betweenthe rudder and the hull. If we consider that the hull gap 1s
small at zero rudder, and large at full rudder, we compute effective aspect ratio by multiplying
geometric aspect ratio by a coefficient varying linearly from 1.9 or 2.0 at O-deg rudder to 1.0
at full rudder angle. If the gap is considered large at all angles, we use the effective aspect

ratio equal to the geometric throughout.
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USE OF WIND-TUNNEL PATA

A detailed example is shown in Appendix A. The tabulation form permits checking
step-by-step. The source of wind-tunnel resalts is TMB Report 933, Reference 6. This report

covers aspect ratios 1.0, 2.0, and 3.0 for the NACA OGXX sections now used. The specific
steps involved are:

1. Use the charts for quarter-chord sweep angle { = 0 deg. For the desired angle of attack
and effective aspect ratio, cross-fair and interpolate to get corresponding values of lift and

drag coefficients C, C},, and chordwise center of pressure (CP).. Enter the values in the
tabulation.

2. Repeat for sweep angle of 11 deg.

3. Interpolate between these 0-deg and 11-deg figures to get values for the actual quarter-
chord sweep.

4. 1f the taper ratio (defined as tip chord/root chord) differs materially from the 0.45 values
of TMB Report 833, a lengthy taper ratio correction must then be made. This is shown in de-
tail in Appendix B.

The significant conclusions are that making this particular taper ratio correction changes
the 35-deg rudder angle coefficients as follows:

1. The normal forcs coefficient increases from 0.810 to 0.928, per line 20.

2. What is more important is that the fore-and-aft center of pressure measured from the
mean chord leading edge has moved from (1.266 (mcan chord) to 0.319 (mezn chord), per
line 27. This changes torque lever arms very greatly. If the rudderstock were at the quarter-
chord point, the original lever armwould be 1.8 percent of the mean chord, compared with a
corrected lever arm of 6.9 percent of the mean chord.

The calculetions shown in Appendixes A and B result in the basic hydrodynamic loads

on the rudder. Rudderstock location can be adjusted to get a desired balance of positive and
negative torque.

RUDDERSTOCK SIZE

The computation of rudderstock size is straightforward, and is based on the resultant
force Fg, spanwise center of pressure, and bearing locations. The bending moment is a maxi-
mum at the point of zero shear. For conventional engineering accuracy, thkis can be taken at
the middle of the lower bearing. (If refinement is desired, the stress distribution can be com-
puted, and a mor2 precise zero shear location obtained.) The spanwise center of pressure is
available in TMB Report 933, and can usually be selected accurately enough without interpola-
tion. The combined stresses from bending and torsion are then computed by standard methods,

such as
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With loads calculated by this aerodynamic method, we permit stresses up to 50 percent of

yield. (Formcrly, with the less sophisticated Joessel formula, we limited stress to 40 percent
of yield.)

STEERING GEAR TORQUE

Going from hydrodynamic torque @, (at the rudderstock just outside the hull), to steer-
ing gear torque (at the key between rudderstock and tiller), involves two adjustments:

1. An error allowance @ ,, for chordwise center of pressure. This is taken as the torque
from normal force times about £ 2 percent of the mean chord. If our ship rudder is quite similar
to the wind-tunnel model, we would use an error allowance of *1 percent; if the contrary, we
might allow more than *2 percent. This allowance is quite important for balanced rudders
with the siock near the quarter-chord point, and is practically negligible for unbalanced
rudders. The allowance is a measure of the effect on torque of all cur uncertainties, such as
variations in Reynolds number, roughness, thickness, effective aspect ratio, etc. The values
of £ Q, are added to ¢y, as shown in the torque curves of Appendix A. This converts the
single line ¢, to a band.

2. A bearing friction allowance ¢ . To derive this, we first compute rudderstock bearing

reactions. These are the reactions to the external resultant rudder force at the spanwise
center of pressure, combined vectorially with reactions to any internal tiller force. The fric-
tional torque at each bearing is then the resultant reaction multiplied by the coefficient of ‘
friction and the bearing turning radius. The upper and lower bearing friction are combined

as £ Qp, and added algebraically to ¢, and ¢, as shown in Appendix A. This ailows for
cases where the steering gear is driving the rudder and where the rudder is tending to overhaul

the steering gear.

PRECISION OF FORCE AND TORQUE CALCULATIONS

In general, we feel that the method described here predicts rudder forces conservatively
and wiih reasonable accuracy. We still have a long way to go, however, before we can predict
rudder torques accurately. Some of the difficulty is probably inherent in ship construction,

since:

1. Sister ships sometimes show considerable variation in ram pressure for identical
rudder movement.

9. Where torque is measured at the rams by hydraulic pressure and in the ruddersiock

by strain gages, as in Reference 5, there are unexplained discrepancies.
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We maintain a continuing comparison of the actual versus predicted steering gear
torques. We expect that we will be able to reduce our margins or allowances for torque by

using this basie ac.'odynami(; approach eoupled with some additioneal research and analysis
of trial data.

BASIC CONSTRUCTION FEATURES

In construeting and supporting a rudder, modern practice permits a choice in two struc-
tural features:

1. The method of conneeting the rudder and rudderstock.

2. The type of bearings.

Although these may be treated independently, they are related to one another and to hydrody-

namic features. These are discussed below for spade rudders constructed of steel.

CONNECTION BETWEEN RUDDER AND RUDDERSTOCK

The rudder can be welded integrally to the rudderstock as shown in Figure 2, or se-
cured mechanically as shown in Figure 3. A comparison indicates the advantages and dis-
advantages of each type as follows:

1. Rudderstock Material

Rudderstocks suitable for welding are practicaliy limited to a yield strength of sbout
30,000 psi. These stocks are unalloyed, nonheat-treated, with carbon about 0.25-percent
maximum and manganese about 0.75-percent maximum. Where welding is noi required, we can
use either higher carbon steels or heat-treated alloy steels (typical analysis 0.28-percent
carbon, 0.32-percent manganese, 0.54-percent chromium, 3.4-percent nickel, 0.06-percent
vanadium, and 0.40-percent molybdenum). With these we get yield strengths of from 45,000
to 100,000 psi.

Figure 4 compares the diameters of equal strength solid stocks for a range of yield
strength. For example, the diameter for 30,000-psi yield is 1.44 times that for 90,000-psi yield.
The reduced diameter of the high yield stock results in reduced frictional torque at the bear-
ings, hence in reduced steering gear size. The reduced weight of the high yield stock tends

to offset its greater cost per pound, as well as reduce ship weight.

2. Rudder Thickness

The all-welded rudder is generally thicker, sinee it ‘“*swallows’’ a larger diameter stock.
The maximum rudder thickness to avoid separation and cavitation is not known exactly. We

try to limit maximum thickness to about 26 percent of the chord.

3. Shipping and Unshipping

The all-welded one piece combination requires more clearance below and also greater

erane capacity for shipping and unshipping.
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4. Fabrication Cost

The all-welded combination is cheaper and easier to fabricate. It does not require the

precise machining and fitting of the tapered connecticn between rudderstock and rudder hub.

The final choice as to the connection between rudder and rudderatock is made with the
foregoing features in mind. Sometimes the rudder planform is altered to get an acceptable
solution to these construction problems.

RUDDER BEARINGS AND SEALS
SLEEVE BEARINGS

Sleeve-type bearings for rudderstocks are commonly made of rein.orced laminated
phenolics (known by trade names such as Marine Micarta, Tufnol, etc.) or metals suitable for
sea water (manganese bronze, gun metal, Stoody metal, etc.). These bearings are not harmed
by sea water, so that special or adjustable sesals at the shell are not required. A simple sand
excluder is usually provided at the hull. We generally estimate the coefficient of friction at
0.20 for this slow-turning (around % rpm) intermitient operation.

ANTIFRICTION BEARINGS

Antifriction bearings for rudderstocks are of the ball, taper-roller, or spherical type,
such as shown in Figure 5. There is a problem in providing a huli seal, and two types are
used: (1) a Syntron-type seal, adjustable only in drydock, and (2) an adjustable gland which
requires setting the hull bearing a foot or two above the shell. The great advantage of
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Figure 5 — Antifriction Bearing for Rudder Stock
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antifriction bearings is the low coefficient of friction. We use 0.010 or 0.015. This consider-
ably reduces steering gear size as compared with a sleeve bearing installation. (The previous
description of bearing friction calculations permits numerical evaluation of this.) There had
been some concern over possible Brinneling or work-hardening of rollers. The thought was that
on long high-speed voyages with little rudder movement, only one or two rollers would get
many cycles of loading from the propeller. 'This has not happened, however. ’

The choice between sleeve and antifriction bearings is difficult. Initial cost, including
the effect on the steering gear size, is one factor. Maintenance, involving the ability to get
replacement parts in an emergency, is another factor, and favors the use of sleeve bearings.

The Navy uses both types of bearings, depending upon the particular ship application.

RUDDER PLATING AND FRAMING

Rudder plating and framing practice for ships is still quite empirical, unlike airplane
practice for control surfaces. We have tried aerodynamic techniques, with the rudder as a
stressed-skin structure subjected to lifting surface loads. The scantlings, however, would
be far lighter than for structures we know have not stood up well in service. Presumably,
therefore, some other intense loadings are involved, such as propeller tip cavitation bubbles
collapsing on the rudder, or the propclier tail cone vortex impinging on the rudder. Fatigue
and siress corrosion of panels of plating might also be involved, since propelier blade rate
results in millions of cycles of loading.

Our plating and framing practices as shown in Figures 2 and 3 are accordingly based
on the results of service experience. We select plating thickness and locate internal webs
in rudders so that panels are iimited in span Lo about 50 thicknesses of plating. Rudders in
high-speed propeller races are usualiy plated with a tough, strong steel (an 80,000- or a
100,000-p=i yield steel with about 2-percent nickel and 1-percent chromium), rather than the
mild steel used otherwise. This practice, based on a study of rudder casualties made by
Captain Saunders, has been working out well.

One desirable incidental result of using the NACA 4-digit symmetrical series (00XX)
is that the trailing edge has a natural half-breadth, rather than coming to a feather edge.

This provides more ruggedness which is useful for astern operation.

VIBRATION

We have been fortunate in having had only one rudder-induced vibration problem in the
last few years. This was on the USS FORREST SHERMAN (DD 931) Class, and the previously
mentioned flow survey, Figure 1, was part of the investigation. For this twin-screw, twin-
rudder ship, 4-cps hull vibration became objectionable at high speeds. The rudders were set
with trailing edges 3 deg inward, for optimum propulsion. During sea trials, the Boston Naval

Shipyard’s vibration team noticed that vibration was considerably reduced when the ship
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ordered a few degrees of rudder angle. A new systematic set of sea triais was then conducted,
using turnbuckle steering gear links to get a range of initial rudder settings. It was found that
setting the rudders with trailing edges 1% deg outward eliminated the objectionable vibration,
and this change was made in all ships of the class. References 4 and 7 give a detailed
account of the invesiigations made by the David Taylor Model Basin towards explaining what
was happening. The studies are not yet complete, but it appears that there was synchronism
between rudder torsional frequency and transverse hull vibration.

To reduce chances of rudder-induced vibration, we generally do the following:

1. Compute transverse frequency of the rudder plus rudderstock. If there is synchronism

with shaft rpm or propelier blade rate, we make changes in the configuration.
2. Clearance between the rudder and propeller is kept in line with past successful
practice.

2. Medel flow tests are conducted in TMB's circulating-water channel, and erratic flow

is comrected. This sometimes involves changing the hull lines aft.
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APPENDIX A

COMPUTATION OF RUDDER FORCES AND TORQUES

GIVEN: A spade ruddor as shown in Figure 6 is in the race of a propeller. At maximum
ship speed of 30 knots, the propeller slip is 17.2 percent. The rudder is close
enough to the hull so that full reflection (double the geometric aspect ratio) can
be assumed at 0-deg rudder angle; also assume linear decrease to 1.0 times geo-
metric aspect ratio at full rudder angle of 35 deg. The rudder has NACA OOXX
sections and squarc tips. Roller bearings are used on the rudderstock.

TO FIND: Forces and torques throughout the range of rudder angles.

PROCEDURE:
Rudder area

11.35 ft x 9.01 ft = 102.3 sq ft

tip chord 5.59 ft

= = 0.45, so

Taper ratio
root clord 12.43 ft

!I

that NACA 0015 curves of TMB 933 apply without tapcr ratio correction.

The step-by-step procedure is tebulated below. In this example, subscript 1 refers to
data taken dircctly from TMB 933, and subscript 2 rcfers to desired data. Additional informa-

tion, where the tabulation is not sclf-explanatory, is:

Line 2. Take effective angle of attack = 5/7 rudder angle.
2 2
. . .. S 11.35
Line 3. The geometric aspect ratio is (span) = ( 5) = 1.26
arca 102.3

Usc 1.26 at 25-deg attack angle, and prorate other angles for 2 x 1.26 at
0-dcg attack anglc.
Line 4. Revnolds number for ship. based on rudder mean chord =
(56.4 ft/sec) (9.01 ft)
0.000015 sq ft/sec

This is about ten timcs greater than the highest Reynolds number test in TMB

=34 x 106

933. Use thc highest Reynolds test values in TMB 933 as being the closest.

Obtain lift cocfficient '; by interpolating and fairing from Figures 45, 60, and
67 of TMB 933 for sweep anglc Q = 11 deg.

Line 5. Similar to Line 4, except for Q = 0 dcg usc Figurcs 44, 55, and 66.

Line 5. Straight line interpolation for the desired swecp angle Q1 = 9! deg.

Line 7. Similar to lines 4 and 5, except rcad drag coefficicnt Cpy, and no interpolation
is needcd.
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Line 8-—1t. Lift and drag are used in the conventional aeronautical sense of forces normal

to and in line with the flow. Lines 10 and 11 are the normal components of
lift and drag coefficients.

Line 12. The normal force coefficient, for use in computing hydrodynamic torque, is
Line 10 plus Line 11.

Line 13. Interpolate from Figures 45, 60, and 67 of TMB 933 to get thc chordwise center
of pressure, aft of mean chord leading edge.

Line 14. Interpolate from Figures 44, 55, and 66.

Line 15. Streight line interpolation between Lines 13 and 14 for the desired sweep

angle of 3% deg.

Line 18. The sign convention is that used for aeronautical control surfaces. Plus
values indicate moments tending to drive the rudder to larger angles. Minus
values indicate moments tending to restore the rudder to 0 deg.

Line 19. Propeller race speed == (1 + slip) (ship speed) = (1 + 0.172) (30 x 1.69 ft/sec) =
59.4 ft/soc
Estimated effective speed of flow over rudder = 95 percent x 59.4 = 56.4 ft/sec

1.99 1b sec?

2 ft4
3170 1b/ft2

q = Unii dynamic pressure =—Z v2 = 7 (56.4 ft/sec)?

it

Sq = Dynamic pressure on rudder

(2170 1b/ft2) (102.3 ft2)

325,000 1b

To get Line 19, multiply 325 kips by the normal force coefficient from Line 12.

Line 20. Line 19 times Line 18.

Line 21. This is the arbitrary error allowance of 1% percent of mean chord. The mean

chord is 108.12 in., from Figure 6.

Line 29, This is the torque error allowance, Line 21 times Line 19.
Line 23. The resultant force coefficient is \,/(CL)2 +(Cp)?

2 2
Line 24. The resultant force is Line 23 times 325 kips.

(See also explanation for Line 19.)

Line 25. The spanwise center of pressure at 25 degrees attack angle is, from TMB 933,
about 49 percent span, or (0.49) (11.35 ft) = 5.562 ft from root chord. From the
given bearings locations, the spanwise CP is then 5.562 ft + 1.021 ft = 6.583 ft
below the centerline of lower bearing. Assume a double ram steering gear,

which applies torque without side force. Using the resultant force Fp from

141



.583 ft
Line 24, the upper bearing radial load F = Fp 22—33f?= 1.039 Fp

The lower bearing radial load #; = Fp +1.039 Fp =2.039 Fj

By separate calculation, the radii to center of rollers are: R = 8.85 in. and
RE; =14.5 in. Use coefficient of friction = 0.01. The total frictional torque
is then 0.01 [FyRy, + F; B;1=0.01 [(1.039 Fg) (8.5 in.) + (2.039 Fg)

(14.5 in.)] = 0.386 Fp

Line 25 is then Line 24 times 0.386.

Lines 26—29. These involve addition of the error and friction aliowances to get an envelope

of torque as shown in the plot of ‘*Final Torque Curves,’’ Figure 7.
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TABULATION OF CALCULATIONS FOR APPENDIX A

Line 1 { Rudder Angle, deg 7 14 21 28 35

2 | Angle of Attack a, deg 5 10 15 20 25

2 | Effective Aspect Ratio 2.21 2.01 1.76 1.51 1.26

4 CLl atQ=11° 0.236 0.448 0.630 0.792 0.919
5 CLl atQ= 0° 0.228 0.430 0.615 0.775 0.908
6 CL2 at 1= 9%° 0.235 0.446 0.628 0.790 0.918
7 CDl 2 CD2 0.015 0.043 0.088 0.154 0.244
81cos @ 0.99619 0.98481 0.96593 0.93969 0.90631
9 |sin @ 0.08716 0.17365 0.25882 0.34202 0.42262
10 CL2 cos a 0.2341 0.4392 0.6066 0.7424 0.8320
11| Cp sin a 0.0013 0.0075 0.0228 0.0530 0.1031
12 CN2 0.2354 0.4467 0.6294 0.7954 0.9351
13 (CP)(-: from LE at Q= 11° 0.1835 0.1945 0.2090 0.2295 0.2356
14} (CP)z from LE at Q= 0° 0.1865 .1944 0.2072 0.7246 0.2492
151 (CP)z from LE at @ = 9}2° 0.1839 0.1945 0.2088 0.2288 0.2547
16 (CP)E from LE at Q= 9%° in.| 19.88 21.03 22.58 24.74 21.54
171 CL Stock from LE, in. 21.00 21.00 21.60 21.00 21.00
18| Torque Atm, in. + L12 - .03 - 158 - 104 - 6.54
191 Nommal Force F, kips 76.5 145.2 204.6 258.5 303.9

20 QH, kip-in. + 86 - 4 - 323 - 967 - 1988
21| Allowance Torque Am, in. 1.62 1.62 1.62 1.62 1.62
22} Q,, kip-in, 124 235 332 419 492
22} Resultant Force Coefficient 0.235 0.448 0.634 0.805 0.950
241 Resultant Force, kips 76 146 206 262 309
25| Qg, kip-in. 23 56 80 101 119
26 Q,; + Q,, Kip-in. £ 20 |+ 231 |+ 3 |- 548 |- 1496
21| Q- Q,, kip-in. - 38 |- 29 |- 655 |- 1386 |- 2480
28| Q+Q, + Qg kip-in. + 39 |+ 287 + 89 |- a7 |- 1377
29| Q- Qu - Qg kip-in. - 67 - 295 - 135 ~ 1487 - 2599
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APPENDIX

B

CORRECTION FOR TAPER RATIO

GIVEN A control surface has square tips and a taper ratio X = 0.78. The following
characteristics for A = 0.45 have been obtained from TMB Report 933:

Rudder angle, deg 7 14 21 28 35
Attack angie a, deg 5 10 15 20 25
Effective aspect ratio «, 1.72 1.54 1.36 1.18 1.00
Lift coefficient C' 0.193 | 0.873 | 0.534 | 0.673 | 0.787
Drag coefficient Cp 0.011 | 0.041 | 0.083 | 0.146 ; 0.230
Normal force coefficient C 0.193 | 0.373 | 0.538 | 0.6883 | 0.810
Resultant force coefficient Cp | 0.193 | 0.3%73 | 0.539 | 0.686 | 0.815 .
Chordwise center of pressure
(aft of leading edge of 0.175 | 0.189 | 0.209 | 0.235 | 0.266
mean chord) CF, ¢

TO FIND: Equi slent values for X = 0.78.

PROCEDURE:

FFor convenience, use subscript 1 for the given values (A = 0.45) and
subscript 2 for the desired values (A, = 0.78). Referring to Figure 2§

of TMB 033, the crossflow drag coefficients are:

\("[)c) =(Cy, )ﬂ -(Cp

From Kquation [1] of TMB 933 we obtain;

\NC, = (" - (C =

c1

a
[d

(A\Cp ) (a))?

where o, is the attack angle in radians. This 1

detaiied calculation sheet.

. PRI e ~ N b 7 .
Fruhlﬁﬂpndlu;n{g}(f M3 033 we cohtain:

((‘,,)22 - ((’L)f

AC, =

& 2.83 a,

C = Y oBBS
( Dc)z

(Cp ) =0.800

used in Liine 6 of the

This is used in Line 12 of the detailed calculation sheet.
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From Equation {4] of TMB 933 we obtain:

AC,

bo| =

ACp )= -

4

This is used in Line 24 of the detailed calculation sheet.
The tabulation that follows i3 intended to be in a form that permits checking step-by-

step. Certain operations are indicated by line number, for further clarification.

146




TABULATION OF CALCULATIONS FOR APPENDIX B

Line 1 | Rudder angle, deg 7 14 21 28 35
2 | Attack angle a, deg 5 10 15 20 z5
3 | Attack anglear, 0.0873 | 0.1745 | 0.2618 | 0.3491 | 0.4363
4| @ 0.00762 | 0.0305 | 0.0685 | 0.1213 | 0.1904
5| a, 1.72 1.54 1.36 118 1.00
(0.535) (o, 2
6| AC = — 0.002 | 0.011 | 0.27 0.055 | 0.102
e
1Tl 0.193 | 0373 | 0538 | 0.673 | 0.787
8 (CL)2 =(Cp) +AC, ®+ @ o1 0.384 0.561 0.728 0.889
1
9 |2 0.03802 | 0.14745 | 0.31472 | 0.52998 | 0.79032
2
10 | (C;)? 0.03725 | 0.13913 | 0.28516 | 0.45293 | 0.61937
1
11| (C)2-(Cy)? ® - (19) 0.00077 | 0.00833 | 0.02956 | 0.07705 | 0.17095
2 1
(CL).2_(CL)2
12| AC, = _;i?a_l 0.0002 | 0.0019 | 0.0077 | 0.0231 | 0.0604
° e
13| (Cp) 0.011 | 0.0a1 | 0.083 | 0.146 | 0.23
M| (€,) =(Cp) +AC, @ + (@) oomz | vwszs | 20907 | 0.0691 | 0.2904
2 1
15 | (Cy) 0.193 | 0.373 | 0.538 | 0.663 | 0.810
1
13 | cos @ 0.9962 | 0.9848 | 0.9659 | 0.9397 | 0.9063
17| sin a 0.0872 | 0.1736 | 0.2588 | 0.3420 | 0.4226
18| (C) cosa (8)= (5) 0.1943 | 0.3782 | 0.5419 | G.6841 | 0.8057
2
19| (Cp) sina @ ~ @) 00010 | 0.007¢ | 0.0235 | 0.0578 | 0.1227
2
® | Cy) () + (1) 0195 | 0386 | 0565 | 0.792 | 0.928
21 | (CPg) 0.175 | 0.189 | 0.209 | 0.235 | C.266
1
22 | (CP_,,) =0.25-(CP_ ) 0.25- (21) +0.075 |+0.081 |+0.041 [+0.015 |-0.016
A 1
B| € ) =(CP) ) (15) x @) +0.015 |+0.0227 |+0.0220 |+0.0102 |-0.0129
2| AC. )--saC -0.5x (€) -0.0010 |-0.0055 |-0.0135 [-0.0275 ;-0.0510
Me/a ? L
(€, ) =( AC, ) + 0.0135 {+0.0172 |+0.0085 |-0.0173 |-0.0639
25| ) =€, ) eAC, @+ @ +
2| (CPsq) = (€ )+ (Cx) (@9 + (@) +0.0692 [+0.0846 |+0.0150 |-0.0233 |-0.6688
27| (CPLg) =0.25-(CP.,)  |025 - (28) +0.1808 | +0.2054 1402350 |+0.2733 | +0.3188
ARORE x 0.00013 [ 0.00184 | 0.00823 | 0.02859| 0.08433
) ®®
Co) 2=(C ) 2+(C,)2 + 0.3815 | 0.14930; 0.32295 | 0.55857] 0.87465
29| (Cg) 2= (Cy) 2+ (Cp). @+®
0| €g) 0.195 | 0386 | 0.569 | 0.747 | 0.935
2
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DISCUSSIONS

A. Suarez:

This paper gives some of the practical aspects of rudder design. We in the Laboratories
haven’t digested our information sufficiently so that a realistic rudder design can be made.
Apparently, where our information has been consolidated sufficiently, those men who are re-
sponsible for actually putting a rudder on a vessel, so that the vessel will do what we think
it chould do, have sufficient technical knowledge. But in any event those rudders have Lo be
designed. We have to contend with the practical engineer, and he still has to come out with
a rudder engine, the strength of the shaft, the size of the rudder, so that we can stili build
vessels that can’t wait.

Mr. Taplin is one of the designers who has to get an answer. lle has been urging the
Conirollability Fanel of SNAME to present some facts, to give him the tools, some information,
so that we can build better and bigger ships. We still have, as declared by Llovds of London
in an article about two or three years ago, roughly a thousand ship accidentz per year. Now
we can’t say that all of these auccidents are associated with the handling qualities of the
vesseis. Some of them may be due to poor judgment, but of the thousand accidents, 1 beiieve,
from what [ have secen of many of the vessels which we have tested in the Davidson Labora-
tory, that we still have unstable vessels. This is due primarily to the fact that the operators
insist that the construction cost of our vessels be kept at a minimum so that they can com-

pete with foreign manufactured vessels and still stay in the market and still have an American
fleet afloat.

J. L. Goldman:

I would like to make a comment as an engineer, and not as a designer, working with the
ship operator. The importance of the rudder not failing is appreciated, and we are very con-
servative in our designs. The method outlined here considered the type of loading on the
rudder which results when a ship enters a turn while proceeding full speed ahead. This
might not necessarily be the maximum load that the rudder is going to sustain. For instance,
in a seaway, wave siap under certain conditions might be important.

The ship operator has to be reasonably sure thai the whole rudder system is not going
to fail and we are always asked to be overconservative in the design of a rudder system and
have a high factor of safety. We appreciste the importance of refining these caicuiations but
the extra cost of adding a iittie more sieel to the rudder system is usuall

roquested by the

ol

shipowner who is usually also the ship operator,
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F. S. Cauldwell:

I have a very brief comment, or rather an addition to make to Mr. Taplin’s paper which
was very welcome to us. In the case of the DL1, we made a comparison of the results from
tests that were reported in a DTMB paper in Transactions, SNAME, 1958.* Using this partic-
ular method, we got very good correlations when we used the 5:7 ratio of angle of attack to
rudder deflection angle. Also by taking a speed reduction of around 28.0 percent, we were
able to match the DL1 curves almost exactly.

S. Bindel:

In the case of a twin-screw ship with two rudders, do you fit the rudders just behind

the propellers or off-center?

Mr. Toplin

One cf the other things covered in Captain Saunders’ 1944 report (I think it is) is that
we make a big mistake if we put the rudder directly in line with the propeller shaft because
we get a cavitation cone coming off the hub. For two reasons we keep the rudder off the
shafting line: one is to avoid this cavitation cone, and the other is that sometimes it sim-

plifies unshipping the shafting. But we would almost never put the rudder behind the propeller
centerline.

C. R. Ol son:

Mr. Taplin has not mentioned in his fine paper anything about model tests for deter-
mining rudder forces. Evidently, he dcos not have too much faith in ouvr ability to correlate
model results with full-scale results. Mr. Taplin uses aerodynamic test data for his calcu-
lations. We have good agreement in our open-water rudder force tests with aerodynamic
test results. With our new maneuvering basin facilities, we should endeavor to find a
hydrodynamic answer to this problem. If we do not have correlation between model and full-
scale ship forces, then I believe we should still run the model tests to determine what the

discrepancies are.

*Becker, L.A. and Brock, J.S., ‘“The Experimental Determination of Rudder Forces During Trials of
USS NORFOLK,'’ Transactions, The Society of Naval Architects and Matine Engineers, Vol. 66 (1958).

149




!
?

I

SHIP MANEUVERABILITY AS INFLUENCED BY THE
TRANSIENT RESPONSE 70 THE HELM

by

Leonard Segel

Cornell Aeronoutical Laboratory, Inc.
Buffalo, New York

oy
ot
[




ABSTRACT

The hypothesis is advanced that the maneuverability of a ship-
helmsman combination i1s significantly influenced by the handling qualities
of the vessel, these handling qualities being, in turn, a critical function
of the transient response to the helm.

The objective of the presentation is to develop a fundamental un-
derstanding of helmsinan/ship/steering-system behavior as it is related to
the basic hydrodynamic design of the vessel and the characteristics of the
human controller. Accordingly, a careful distinction is made between ship
maneuverability and ship handling qualities before proceeding to review
briefly what handling-qualities research with other vehicles has revealed
about the nature of the human operator. - This knowledge is applied to the
particular problem of ship-control operaiions, and the conclusion is drawn
that automnatic-control systems will play an increasingly important role
in improving the handling qualities of ships, provided appropriate research
is performed to specify valid handling-qualities criteria for waterborne
craft. The manner in which automatic control will assist the helmsman
in extracting the full inaneuver capability out of his vessel is discussed,
and attention is dirocted toward the future, wheroin ships will possess

integrated directional- and seakeeping-control systems.

INTRODUCTION

To state that the design of a rudder and skeg for a ship is more of an ait than a scienco
is to ropeat what has often been said before. Today, it is generally conceded that much re-
mains to be done in order to ensure good ship maneuverability by means of rational design
procedures. Thus, in raceni years ship yuaiilies sich as courss stability, case
and precise path-keeping and path-changing performance have been receiving increased
attention from the scientific and technical community concerned with waterborne craft. In
view of the increased attention to these matters—this symposium being a noteworthy
example—it is believed that a good purpose would he served by examining the problem of
ship inaneuverability from the systems viewpoint. Such a review would examine ship maneou-
verability as it is influenced and determined by the characteristics of:

1. the ship
2. the control system, and

3. the helmsman.




It is hoped that this kind of review will tell us where we stand today with perhaps a new and
unorthodox viewpoint (perhaps also controversial), and in so doing, will assist in the formula-
tion of research programs required to convert existing design procedures from an art to precise
technology.

Today, when limited knowledge or theory exists, the engineer or designer very frequent-
ly reliss on past experience for direction and guidance. Thus, ships characterized by operators
as having satisfactory steering and maneuvering qualities often serve as a guide for future
designs. In those cases where the designer is in doubt, he can resort to tank tests in order
to check the behavior of his latest creaticn. But how does the designer proceed to advance
the state of the art? Since refinements in dcsign often lead to techrical complexities
and perhaps additional costs, what criteria can the designer use in making a choice between
several design alternatives or in selecting a final comproniise? Questions that are particularly
basic to the specific topic under discussion are:

How mneneuverable should ships bo in order to perform: their designated
missions?
How easy should they be to conuol?

What are the benefits, both from the considerations of economics and
safety, if the heluiisman can perforin his task with zreater ease and precision,
or if ship control were a task madc sufficiently simple that any member of tho
crew could take over the helm?
These questions must, at present, gnanaswered, Yet it appears that anc wers should

be obtained in order to deterinine the degree to which advances—substantial or otherwise—

are required in the stability and control of waterborne craft. The argument i1s advanced that
valid answers will be obtained only by approaching the problem from a systems cor integrated
viewpoint. This paper does not propose o examine or auswer all the questions raised above,
Rather, it will strive to develop a fundamental understanding of helmsman, 'stecring-gear/ship-
system behavior as it bears on the design conflicts inherent in achieving good maneuverability
and good handling qualities. It is hoped that these efforts will permit valid conclusions to be
drawn on the role that automaiic-conuwol systems can and should play in improving the handling
qualities of ships and thereby aid the helmsinan in extracting the {ull maneuver capability out
of his vessel. Annthcr objective of the paper is to postulate a theory of mman/control systein/
ship behavior that will pinpoint the kind of research nceded to answer some of the basic

questions raised above.

A REDEFINITION OF TERMS

No attempt will be made here to review all of the literature pertinent to the prohlom
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and maneuvering waterborne craft,

ng  Cr it 1= sufficient to note that ship builders,

designers, and operators have been concerned with this problem from pcrhaps the earliest

P

days of water transportation up to the present time, when technologists are devoting an
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exponentially increasing amount of attention to ship stability and control.

The recent (i.e., starting in the early forties) and current treatments of ship stability
and control have dealt with many aspects of this general topic and have succeeded in formal-
izing, to a degree, suitable and appropriate terminology. Thus we have turning, maneuvering,
and course changing or path chenging as synonymous concepts which embrace both the steady-
state and transient characteristics of the ship/steering-system combination. Similarly,
steering and course keeping or path keeping are generally accepted as synonymous concepts
that also embrace static and dynamic behavior of the elements involved.

Traditionally, a majority of authors have considered only the hydrodynamic character-
istics of the hull and its appendages as having bearing on the course-keeping and/or course-
changing properties of a vessel. In contrast, Dieudonné! has stressed that course stability
(stability of route) is significantly influenced also by the performance of the steering gear,

namely, its static resolution and dynamic behavior (i.e., followup lag between helm and
rudder). In his words:

‘‘Maneuverability is the readiness or the ability of a ship when
traveling in good weather and in a calm sea, to take the path which the

steersman desires it to follow. This depends upon:

1. The rapidity of the response of the ship to the action of the
rudder. This in turn is influenced by the rapidity of shifting
the helm ard rudders, that is to say, by the characteristic
of the steering apparatus.”’

Note that Dicudonne defines inancuverability as a skip property which, in turn, is a
function of both the turning response to rudder and the response of the steering apparatus,
In addition, he brings the huiman operator into his definition by refeiring to ‘‘the path which
the steersman desires to follow.'” A definition of this type raises the question as to what
is meant by the concepts of turning and course-keeping qualities. Are we referring only to
ship behavior, as it influences these concepts, or do we mean the behavior of a closed-loop
system where the human controller is an essential part of the loop? In the past, this distinc-
tion has not been drawn very carefully. This is not surprising since it is indeed difficult to
define rigorously the handling-qualities terms that properly account for the human element in
the system. This is because of the tendcncy for objective measures of performance to become
inextricably intermingled with criteria of performance.

The necessity of adopting a systems viewpoint is thereby emphasized, and it is most
important that terminology be carefully defined in order to proceed to examine ship maneu-
verability from a systems point of view. For example, the terms course changing (path
changing) and course keeping (path keeping) have been mentioned above, without definition,
as two concepts that have relevance to the problem of positioning and orienting a vessel in
the horizontal plane. We can sharpen up the definition of these two terms by, first of all,

staiing that they describe two separate aspects of the handling qualities of a vehicle moving

lRet‘eﬂances are listed on page 164. 154
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in a horizontal plane., Second, we must note that handling qualities are subjective in nature;

that is, the term implies an evaluation by the helmsman of the follewing two properties of a
waterborne craft:

1. the ease and precision with which it is possible to turn the ship or achieve a desired
path, and

2. the ease and precision with which a path or heading is maintained.

The first subjective proporty is denoted by the term course-changing qualities, and the second,
by course-keeping qualities,

It should be pointed out, however, that these two subjective propertie. -an be related
to objective measures of ship-maneuvering and course-keeping behavior. - Thus, it is a well
established fact that the objective problemn of measuring and/or defining the maneuvering
performance of a ship can be soived by evalualing the lateral stability and control character-
istics of a ship and its steering system. Further, objective measures of performance can be
stated in quantitative terms, independent of any subjective evaluation or application of crite-
ria derived from closed loop performance.

Within the framework provided by the above discussion, the handling-qualities problem
is defined as follows:

The determinaticn of satisfactory handling qualities constitutes, in
substance, the isolation of those objective measures of ship and steering-
gear performance which, when presented to a human controller in the process
of closing the control loop, produces a satisfactory subjective opinion and/or

satisfactory performance of the man-machine combination.

In summary, there are objective measures of directional perforinance (stability and
control) which can be transformed to a neasure of handling qualities when the helmsman is
brought into consideration through his closure of the control loop. Stability and control
properties and steering-gear propertics which produce good handling qualities, (that is, good
closed-loop performance) can therefore be related to good maneuverability when maneuverabil-

ity is defined as a performance characteristic of a helmsman/steering-gear/ship system.

THE ROLE OF THE HUMAN OPERATOR

A purely heuristic reasoning process leads one to conclude that it is the characteristics
ot capabilities of the human controller which determine whether a given set of stability and
control characteristics will produce satisfactory closed-loop performance. If a block diagram
of the helmsman/steering-gear/ship system is drawn (Figure 1), wherein the human operator
is treated as a servo-system element, the performance of this system can be analyzed,
provided the characteristics of each component in the system are known. Placing the
problem in this form gives us a more logically compelling method of defining handling quali-

ties by stating that specific steering-gear and ship dynamic characteristics are conducive
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to good handling qualities when adequate closed-loop performance is achieved with minimum

burdens being placed on the dynamic performance of the helmsman.

Caurse

Caurse Wheel Steering Ship Ship
——»={ Helmsman Helm

Error Force

Reference

Apparatus Dynamics Course

Figure 1 — The Helmsnian/Steering Gear/Ship Systen

The system approach represented by Figure 1 and the above advanced hypothesis on
handling qualities have been basic to the efforts now being expended in the aeronautical

field to advance the state of the art in:

1. improving aircraft flying qualities,

o

defining valid handling qualities criteria for aircraft, and

3. improving closed-loop performance of tracking systems that include a human operator.

To this end, a significant amount of reszarch has been performed following two general
approaches, One approach has heen to systematlically gather pilot-opinion data as a mcans
cf bounding the stability and control characteristics that are cornducive to good handling
qualitics, and the other approach hae been to devalop an undorstanding of the human operator
as a servo element such that feedback-control systein techniques could be used to svnthesize
an optimum closed-loop systein.

Althougn this work will no” be reviewed in detail, certain results obtaired from research
performed in the acronautical field and from stability and control and handling-qualities
investigations performed with other vehicles will be summarized, since this research, in the
aggregate, has produced a quaiitative understanding of man and the role he plays in vehicle
control. It is believed that a review of this knowledge will be of advantage in placing into
proper perspective subsequent discussion of helmsmman/steering-gear,/ship system performance.

The Air Force-sponsored studies have shown that the inherent adaptability ¢l man in a
system makes it impossible to formulate a general ‘‘human transfer function’’ even for simple
tracking experiments performed in the laboratory. Cartainly the dynamic model of man as
developed by McRuer and Krendel? is based on labdfabory experimentation that is far removed
from reality as experienced by man in his attempts to control and guide a vehicle. Neverthe-
iess, these tentative models have led to a conclusion derived by servo-engincering procedures
that agree with a simiiar conclusion derived through psychological reasoning.® This conclu-
sion is that optimum system performance will be obtained when the “‘least demands’’ are

made on the human operator, namely man becomes the equivalent of a simple amplifier,




This is equivalent to stating that the wransfer characterisiic of the controlled element should
possess approximately zero dynamics.

It should not be overlooked that these results have been derived from analyses of
restricted tracking experiments that are, as was previously mentioned, situations that are far
removed from real-life control of vehicles. Nevertheless, it has been possible to use a human-
servo model in conjunction with known aircraft dynamic characteristics to perform an analysis
that correlates remarkably well with pilot opinion data obtained in flight tests. - These find-
ings point up the validity of the following concept, as expressed by Westbrook and McRuer:4
‘‘pilot opinion of an airframe configuration is closely correlated with closed-loop perforiance,
and hence to some extent with the transfer characteristics and parameters adapted by the
pilot to control the configuration." Again the experimental data support the conclusion that
optimum system performance is obtained and therefore, the controlled element possesses
optimum handling qualities, when the human controller is permitted considerable variation in
his transfer function. This allowable variation in performance of the human controller—in
other words, no rigid demands ars placed on his transfer function—is a result that bears
considerable resemblance to the ‘‘least demands’’ theory postulated by Birmingham and
Taylor and substantiated, io a remarkable degree, by McRuer and Krendel. 3

To recapitulate, the tracking experiments indicate that the dynamics of the controlled
element should be practically nonexistent to produce optimum closed-loop performance. This

result can be interpreted in either of two ways:

1. Zero dynamics between the output of man (i.e.; control force or displacement) and the
output of the controlled element means that no integration or differentiation is required on the
part of the human cperator and he can thus perform his control task in a manner analogous to
a simple amplifier.

2, Zero dynamics means that there are essentially no lags or time delays between his

output and the venicle response he aspires to produce,

The question then arises: llow well does the second interpretation agree with the results of
flight test and our everyday experience in the control of other vehicles?

Data obtainied in resesrch programs examining the longitudinal flying qualities of
aircraft® result in the iso-opinion chart pictured in Figure 2. It is seen that the short period
natural frequencies and damping ratios associated with good handling qualities, as measured
by pilot opinion, represent, on the average, a second-order dynamic systenn having a response
time of 1.0 second, where response time is defined as the time required for the transient re-
sponse to reach and remain within 95 percent of its steady-state value, This is a result which,
although strictly applicable only to the performance of longitudinal flying tasks in a fighter
aircraft, demonstrates that the second interpretation (of the real significance of the require-
ment for zero dynamics) has validity. The hypothesis is substantiated by our everyday expe-
rience in the control of automnobiles where the existence of good handling qualities is indicated

by the very small learning time required for the average person to learn the steering process
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Figure 2 —~ Aircraft Longitudinal Handling Qualities Criteria
as Derived from Pilot Opinion Data

and furthermore execute very precise path-following and path-changing maneuvers. Figure 3
shows that typical automobiles have essentially instantaneous response at very low speods
with the response time increasing to approximately 1 second for a directionally stable auto-
mobile moving at 60 miles per hour. It is seen that these response times are akin to those
exhibited by a typical subsonic tighter aircraft.

On the other hand, there are examples of slower responding vehicios thal 2r¢ known o
be difficult to control and that have been universally adjudged to possess poor handling
qualities. The helicopter is an excellent example. The response time is on the order of 10.0
seconds in certain flight configurations wherein it is dynamically stable or has been made
stable by appropriate means. It has been observed? that this long response time in helicopters
is responsible for a control behavior mode on the part of man that is best termed overcontrolling.
This behavior can also be observed during the manual control of surface vessels and sub-
marines; however, full discussion of this point will be made later in the paper.

Thus far, an attempt has been made to show that a substantial body of research evidence
demonstrates the human controller to be so constituted such that optimum closed-loop perform-
ance of a man/control/vehicle system is attained only when adequate restrictions are placed
on the dynamics of the vehicle/control-system combination. These restrictions have been

demonstrated elsewhere to be a dual function of:
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1. man’s dynamic behavior, and

2. the control task specified by the mission of the vehicle and the environment in which
it operates.

Although major stress hias been placed on the dvnamic characteristics of the vehicle/
control system in determining handling qualities, the influence of the various steady-state
characteristics of the vehicle/contrcl system should not be overlooked in this regard. For
example, the static sensitivities, as defined by the ratio of vehicle steady-state response to
control displacement and/or control force, have been found‘5 to play a very important role in
the definition of handling qualities. - Similarly, laboratory studies have shown® that the
presence of friction, backlash, and flexibility in a control system significantly influence
aircraft handling qualities in pursuit-tracking experiments. Full-scale experiments with auto-
mobiles have also demonstrated the importance of these control parameters in influencing
overall control quality.
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THE DYNAMICS OF ¥ATERBORNE CRAFT CONTROLLED
BY HUMAN OPERATORS

Unfortunately, one cannot apply the previously discussed concepts to ships as convcniently
as to other vehicles since waterborne craft tend to be significantly nonlinear in their behavior.
The characteristic nonlincar relationship between ship-rudder angle and steady-state yawing
velocity is due, of course, to the nonlinear hydrodynamic characteristics of the hull and the
nonlinear control effectiveness of the rudder. Furthermore, the handling-qualities discussion
in dealing with response times, assumed, a priori, that the vehicle/control system was
stable. - It is a matter of common experience that ceriain ships exhibit dynamic instability for
small ranges of turning velocity and become stable in tuming aftcr a certain level of path
curvature has been reached. Full-scale experience has demonstrated!-? that such behavior
is not conducive to good course keeping and therefore is detrimental to the overall achieve-
ment of good handling qualities.

Notwithstanding the tendency of waterborne craft to exhibit nonlinear hydrodynamic
characteristics, it is still proper to consider their dynamic-response characteristics irrespec-
tive of the degree to which this response is influenced by the noniinear force and moment
characteristics of the hull and its appendages. It is immediately observed that the responso
times that are characteristic of ships place these craft into an operating realm that is com-
pletely divorced from the time scalc that is operative with vehicles such as aircraft and
automobiles. - The question now arises: To what degree-can v.2 utilizc our knowledge about
human behavior as it determines the handling qualities of fast-responding vehicles to extend
our understanding of ship-handling qualities and ship maneuverability?

Before proceeding to discuss this qucstion and its possible answers, certain obscrva-
tions can and should be made. First of all, even a casual observation of the manner in which
a helmsman and a driver of an automobile both perform their steering tasks shows that there
is a considerable difference in their behavior. - The latter rarely uses all of the siccring
control that he has available (except when parking, making U turns, etc.) and by and large,
acts as a proportional controller, turning the wheel in proportion to the steady-statc path
curvature that is required to follow the road. The helmsman, however, can be observed to
make course changes by swinging the helm hard over and then checking his turn by swinging
his helm hard in the other direction. This is followed by a return of the helm to neutral; that
is, if he is skilled and intimately knows his ship; otherwise sevecral oscillations of the helm
will occur before he steadies down on his desired course. It appears that the helmsman is
acting like a ‘*bang-bang”’ controller and, in truth, this ‘‘bang-bang’’ control principle is
analogous to what is taking place.

Earlier, mention was made of the tendency for operators to overcontrol slow-responding
systems. This overcontrolling can easily be observed with unskilled operators attempting to
maneuver a ship or a submarine. It is now pertinent to ask whether the model of the human

controller discussed earlier (specifically his desire to control s system with minimum
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dynamics, i.e., minimum time lags) explains this tendency to overcontrol or to operate in a
“‘bang-bang’’ manner. A servo analysis will immediately show that, if the human operator is
not content with controlling a slow system and desires to speed up the response (a concept
called response augmentation), the ‘‘bang-bang’ control mode will automatically appear.
This result will occur particularly in those instances where the controlled element has limit-
ed control power {(ratic of available control moment to inertia) as is the case for ships.

It now becomes instructive to examine the closed-loop behavior exhibiled by a helins-
man/steering-gear/ship system with the aid of purely intuitive reasoning. On the open sea
his threshold for visual sensing of yaw rate or path curvature is appreciably higher than that
of the driver of a car. Prosumably, this helinsman, with human limitations on (1) perception
and {2) ability to integrate into the future, is not willing to set a rudder angle that wili even-
tually produce the desired rate of yaw but which, for a significant duration subsequent to his
action at the helm, will produce an imperceptible response. Accordingly, he puts the helm
over hard in such manner that the resulting response is sufficient to establish that he has
control over his ship.

This line of reasoning could be continued to explain the remainder of the process,
llowever, it is evident that the process described above will produce the same saturation
type of control that resuits from a servo-oriented analysis procedure.

On the basis of the foregoing discussion, it is submitted that:

1. the knowiedge obtained from huinan-dynamics research,

2. the results derived from pure intuitive reasoning, and

3. everyday experience and observation
all support the general conclusion that a helmsman will attempt to augment (i.e., speed up)
the response of his ship as he proceeds to carry out his control task. It is further postulated
that the degree to which a human controller attempts to specd up & slow responding system is,
in addition to being a function of the transfer characteristics of man, a critical function of the
operational task; namely, the required precision of steering.

This latter point (namely, the required precision of stecring) is a concepi that is funda-
mental to an integrated assessment of ship maneuverability. As indicated by Saunders, 1€
this is one of the areas in which knowledge is so woefully lacking. It would appear that a
program of research, properly conceived and performed with suitably modified ships, will be
essential in order to estabiish valid handling qualities criteria as a function of the maneuvers
a ship is typically required to perform. (Needless to say, it is conceivable that a higher order
of handling qualities could make possible closed-loop maneuvers that under present circum-
stances are never attempted by experienced helmsmen.)

Although it is probably universally recognized by naval technologists that there is
some minimum response level which designers should provide in order (o establish adequate
turning and course-keeping qualities, there is probably no consensus of opinion on what this

minimum level should be. In 1946, Davidson and Schiff!! proposed a set of hydrodynamic
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design goals that would, in effoct, provide a ship response to rudder bolieved by these inves-
tigators to onsure good turning and courso-koeping qualities. Their conclusions were busod
on an examination of oxisting dosign practico and bere no roelationship whatsoever to the basic
requirements of the helmsman closing the loop or to any quantitative nioasure of requirod
steoring perforinance or procision. Their analysis was an epochal ovent in the fiold of ship
stahility and control, but subsequent invostigators have not approciably advancod the state

of the art other than to belabor the point that quickened response or iinproved stability is
attained at the expense of naximum steady-state turning perforinance. It is precisely this
compromise that is at the heart of the ontire problem, and it is arguoed hore that overy effort

shouid bo exerted to acquire the research data that aro noeded to assist tho dosigner in
resolving his dilomma.

THE ROLE OF AUTOMATIC CONTROL IN THE IMPROVEMENT
OF SHIP MANEUVERABILITY

In view of the lack of handling-qualitios criteria for slow responding systes such as
ships (that is, criteria obtainod from resoarch that accounts for huinan-eporator perlorance

and stoering-task requiromonts), the following hypothesis is advanced:

A suitablo interim measuro of handling qualitios for ships is the degreo
o which a helmsman provides response augmentation in performing typical
maneuvers of course-changing, path-keeping, eic. Control actions eantaining
a largo degroe of rosponse sugmontation indicato poor handling gualitios,
and control actions containing little or no respense augmentation indicate

good handling qualitios and thorefore good closed-loop steering performance.

Tho above statoment is based on the hypothesis that any and all steoring inputs by the
helmsman in excess of what would be suppliod when ho is pornitted to act as a proportional
controllor ropresents domands on his dynamic-transfer capsbilities that will in all likelihood:

1. reduce his subjective rating of the ship,

2. incroase tho training time necessary to porforin the required steoring tasks with the

desirable degree of procision,

3. result in loss than optinum closed-loop steering performance if the oporator is
unskilled, and

4. prevent even the skilled helmsinan from porforming precise manouvers under very
unfavorable operating conditions.

It is quite probable that tho proposed interim standard for good handling qualities will
require ship stability and control characteristics that cannot be achieved by suitable hydro-
dynamic design. Ships, by virtue of all the design considerations that must be brought to
bear, invariably possess large yawing moments of inertia relative to their dynamic stability
or their total hydrodynamic stiffness in tuening. A corollary feature of this sinall resistance

to turning is that they need relatively small rudders to produce steady-state turning radii that
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are exceptionaily small when viewed on a nondimensional basis. - Manifestly, small control
powers and very low levels of dynamic stability are not conducive to producing a fast-respond-
responding system. It appears that the only means by which significant gains could be
achieved in shortening the response times of large waterborne craft would be to resort to
automatic-contrel systems that position the rudder as a function of the response of the ship.

Ample descriptions of the principles and design details of response augmentation sys-
tems can be found in the aeronautical literature. - Recently a study,!2 performed to (1) estab-
lish the information requirements for submarine control and (2) determine the optimum location
of the human operator in the ship-control loop, resulted in the application of a response aug-
mentation system to yield the optimuin trajectories (limit maneuvérs) that could be executed
with a specific hull. - Although the concept of a limit maneuver was not new, the ultimate
maneuvering performance of the submarine was defined in a unique way. Specifically, a
feedback-control-system analysis was perforii:ad to yield a closed-loop system, whose response
was as rapid and well damped as is possible to achieve with the given hull and hydrodynamic
control surfaces. This study demonstrated that the handling qualities of the conventional
submarine are such that the full maneuver capabilities of the submarine cannot be exploited
by the human controller. The provision of response augmentation through automatic control
systems would undoubtedly be a step in the direction whereby the manual controller is given
increased ability to perform more precise and more rapid maneuvers.

It should be noted that response angmenters, by their very naturo, are stability aug-
menters as well. On application, they also eliminate the hysteresis loop observad in the
so-called spiral maneuver and thus markedly improve the course-koeping qualities of an
otherwise unstable ship.

The above remarks on the role of response augmentation indicate that the time may not
be too far distant when feedback-control systems will be utilized to improve the handling
qualities of seagoing vessels, as well as their seakeeping properties. Response augmentation
systems should not be confused with autopilot-type systems that provide ships with a sensi-
tivity to an ordered heading or provide a submarine with a sensitivity to an ordered depth.
Rather, we are speaking of systems that augment or alter the dynamics of a ship, making it
more amenable to precise manual control. Recogrition should also be given to the fact that
augmentation of the turning response could conceivably increase the roll axcitation due to
turning. In such an event, the roll dynamics of the ship would couple to an increased extent
with its turning dynamics. If this proves to be the case, consideration wculd conceivably be
given to coupling the roll stebilizers of a ship with the control system actuating the rudder,

Irrespective of whether the response-augmentation concept will uitimately be exploited
in future ship designs, it will necessarily play an important role in conducting research exper-
iments required to shed light on the overall ship handling-qualities problem. - The need for
this research was stressed earlier in the presentation, and it is encouraging to note that the
proper perforinance of these necessary handling-qualities investigations are in no wise

restricted by the present state of the control art,
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CONCLUDING REMARKS

In summary, it has been postulated that:

1. Ship-response characteristics required for good handling quahties (i.e., good man-
machine performance and high rating of response by subjective opinion) are, in part, a
function of the transfer characteristic of man and, in part, a function of the operational task;

namely, the required steering maneuvers and the required precision of execution.

2. Valid handling-qualities criteria for surface ships can only be defined by carefully
conducted experiments with full-scale ships, in which proper recognition is given to each

element of the closed-loop system and proper distinction is made between static and
dynamic phenomena.

3. Lacking valid, substantiated criteria for assessing handling qualities of vehicles
possessing extremely long response times, a suitable interim measure of handling qualities
is the degree to which a human controller provides response augmentation in performing

typical maneuvers, such as course changing, path keeping, etc.

4. The nature of ship hydrodynamics is such that drastically improved response is not
iikely to be achieved through hydrodynauic design of the hull, but rather by means of in-

creased rudder power actuated by ap automatic control systemn,

5. The transient response to the helm is fundamental to the determination of handling
qualities, which, in turn, govern the speed and preciseness of control (i.e., maneuverability)

that can be exhibited by a helmsman,/steering-gear,/ship svsten.
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DISCUSSION
H.E. Saunders: ofs SIONS

I am going to have to be a little careful of what I say now. I don’t want to detract from
the valiant efforts of the author or from the results which have been achieved in the conclusion,
but I had hoped that the author of this paper might tell us the story of it in words that we can
understand. 1 am afraid that a great deal of the mearing of this paper which I read at home, in
quiet and leisure is lost upon me hecause I just didn’t know what you were trying to say. It
is difficult of course when someone comes out of a select circle, as it were, and uses his
specialized language for the benefit of other people. Many of you, 1 am sure, are facing what
I am facing now, to find our way through what they might call the statistical phase for naval

aichitects. Now ['m a little bit handicapped because I'm very much interested in what the

translate this or get it translated.

Ifowever, there is one point which | think I gathered well enough to comment upon. |
really believe that the author here has missed one whoie factor in his box diagram and loop.
And that factor is the person or whatever agency which gives the orders. Mr. Bindel's paper,
which will be given this afternoon, makes continual mention of the pilot who is directing the
operations in the model basin under the carriage. Those of you who were here in 1946, 1947,
and 1948 wili remember that when we did the modernization job for the Panama Canal Authority,
we had successively Panama Canal pilots who came up here for a month. who rode the car-
riage on every ride and actually gave orders. The orders were not given by the TMB staff. The
orders were not automatic; they were given by the pilot. The steersman operated the controls
and endeavored to do his best to carry out the pilot’s orders. Mr. Bindel’s paper also mentions
the pilot.

Now then, one might say, how about running in the open sea =uch as in the diagram
which you show? You begin with a course reference. It so nappens that with present gyro
compasses, you get a pretty good course reference. Actually, you get a heading reference
because you don’t know what the course is. But in the old days, for those of you who are old
enough to have steered ships by compasses, you had no really good heading reference, so you
had to anticipate the magnetic compass; there you had another factor.

When you come to emergency maneuvers, such as piloting, handling ships around docks
(or even trying to catch turties), whatever you do, the steersman gets his crders from other
people. The steersman is rarely the piloting officer. It so happens that in our icebreakers,
the piloting officer, the ice pilot, is the man who operates the rudder controls, so he doesn’t
have to give orders to anybody; he doesn’t have to say a word. But in all other cases there
must be a pilot; there must be a commanding officer, a captain, first mate, or someone, who
gives the orders. So you can’t eliminate this one more factor.

As Mr. Bindel brings out in his paper, for a model test with a pilot or with separate
director, he has to work fast because the times are reduced by the square root of the linear

ratio of full-scale to model size.

166




I hope that maybe the author will find time to give another drawing or another diagram

in place of Figure 3. I have been operating autoniobiles for 46 years now and yet I don’t get
anything out of the figure that was presented.

S. M. Y. Lum:

There is no disagreement with the author’s persistent theme that more sophisticated
studies of the control loop, using feedbaek techniques incorporating the helmsman, can improve
the handling qualities and response of ships. Iowever, with due respect to Mr. Segel, I wonder
if he is not putting undue emphasis on the control loop as the panacea for all design ineptness
and at this stage, plaeing the ‘“‘cart before the horse,’ so to speak. | would say there is an
area which takes precedence to that and which could stand more intensive study and
clarificaticn—and that is in the open-loop characteristics of the ship. With due apologies to
Captain Saunders (whose preceding diseussion on the paper assailed the author’s use of con-
trol semantics making it extremely difficult for this type of audience to follow), by the open-
loop problem, 1 refer to the need for more exact delineation of the ship’s transfer functior which
celates the hyvdrodyramic derivatives in terms of ship geonmetry and arrangement. That is, if
the hvdrodvnamic derivatives for a complex shape <uch as that of a surface ship operating on
the air-water interface can readily be determined, then 1t would be opportune to get the maxi-
nutn benetits from a more advanced and sophisticated closed-loop study as a natural followup.

The nature of the initial difficulty, in the case of surface ship, for the one part. {les in
pinpeinting the open-loop transfer function with all the usual associated probiems of nonlinear-
ities, cross-coupling, free surface, ete. The other part lies in attaching a meaningful input to
the =ystem in view of the irregularity of the sea with the associated problen.s in the event of
nonstationary processes, non-Gaussian distributions, ete.

When such information as above can be jelled into a pole-zero configuration in the com
rlex plane, early decisions can he made. If the hydrodvnamic design is found to be exces-
sively unstable (open-loop-wise), or to have large response amplitudes within the expected
freauency band of operation. this will be reflected in these poles and zeroes. or such bad
preliniinary designs, it would not he zood practice to “‘close the loop™ by brute force at the
expense of having an “‘exotic’’ automatic contrul loop. It would be beiter to modify the design
in the early stages of the development instead of discovering that there 1s a bad point of
instability after the ship is built. Then to redeem the ship at this stace with fanecyv controls
would be like chasing a failing investrment with more good money.

Finally, before turning over the open loop to the control people to “‘close’ with all the
automatic sophistication as may be judiciously required, it is essential to ask the question:
What is the functional or mission requirement against which all other compromises should he

weighed?




Going back to the aircraft concept of designing for a slow-speed cario vehicte, mancuver-

ability may be relaxed in favor of course keeping. On the other hand, an attack vessel should

be favored with high maneuverability. The closure of the loop could then, in the latter case,

incorporate all the sophistication of stability and response augmentation.

In closing, I do not wish to sound discouraging to Mr. Segel. In fact, I believe that
with the advent of more sophisticated naval craft such as the hydrofoil beats and (iEM craft,
there will be a great need for this specialty. IHowever, everything should be considered in due

seaquence and due perspective. Thank you for an interesting injection into the field of ship
mancuverability.

V. E Willigms:

IYirst of all, T would like to congratulate Mr. Segel on his paper. I think it was well
done. Unlike Captain Saunders, I am familiar with both jargons but I have the same problem
at times. I would like to mention, though, that I believe we are right on the threshold of alt
these things that Mr. Segel is talking about, and like the former discusser here, 1 also believe
wo hnve to nrepare ovrselves for this work. We (at Sperry) have found that we had to get the
dynamics of the hoat. It wasn't enough just to use the linear vaw equations. Iaving defined
very well alt of the disturbances in this test, the seawav, ete.. we had to define our irputs.
and in that context we find what orders would come from hoth and how they would react. 1
believe the marine field is on the threshold of doing this now. T know that Sperry itself has
worked on many of these things and have some very good mathematical models of ships. and
particularly submarines. With the aid of the Stability and Control Division of the Model Basin
we uoa have a nonlinear model. for example, where we can get all the turning maneuvers, and
can duplicate the Dieudonnd spirals. Also with the help of the oceanographers at the Model
3asin. we have the spectrum of the seas which are linear but very complex, and with the aid
of the Seaworthiness Division of the Modei Basin, we can judge the forces and moments due

to waves on the ship. Now it is a matter of putting all this together and getting to work.

A. Goodman:

I have a brief comment, but before I go into it I would like to make one remark while
the paper is fresh in everyone’s mind. One item that was atso eliminated in this ctosed-toop
diagram which was not mentioned by the other two comments was the display system. This
factor is very important; it is the source of information that the controller has. and its charac-

teristics will influence the performance as well in the closed-loop circuit.
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[Handling qualities, as viewed by the \Model Basin, are not subjective in nature, which
is a point held by the author. Definitive maneuvers are designed to evaluate the inherent as
well as closed-loop eharacteristies of the given system. The paper given by Mr. Gertler and
Mr. Gover clearly defines the concept, and outlines many of these definitive maneuvers and
the numerieal measures assoeiated with each.

The present paper contains a remark that concerns using pilot opinion data as a means
of determining performance characteristics. In this regard, the Model Basin several years
ago made an extensive survey of ship operators using a standard vuestionnaire. This survey
resulted in many conflicting and contradictory answers regarding the handling qualities of
sister ships. We considered the results of the survey as adenuate proof that there is need for
obtaining objective measures of the varieus handling qualities of ships. This, of course, led
to the development of the definitive maneuvers by the Taylor Model Basin.

The author made another interesting statement in regard to the compromise the designer
has to face between good direetinnal stability and good control response. [For some years we
at the Model Basin have felt that this compromise nced not be made. Naw, it has been demon-
strated on vehicles sueh as the SKIPJACK that such compromises need not be made and that
both excellent course-kceping and course-changing characteristics can be achieved simulta-
neously. Also it is beiieved that the use of nonconventional control surfaces will further elim-
inate the need for such compromises.

The auvthor makes a atatament ta the effeet that vood handling qualitics will reauire
ship stability and conirol characteristics that eannot he achieved by suitable hvdrodynamic

design. The objective of the Model Basin in this area is to relate the geometric character-

isties of the ship to the handling qualities. This is what the ship desigrer really wants.

The author states that the only means by which significant gains could be achieved in
shortening the response time of large watergoing craft would be to resort to automatic control
systems that position the rudder as a function of the response of the ship. 1 can’t auite soe
this. It scems to me that the ship eannot exceed its inherent performance. For example. if
vou use the rudder to ease into a turn, I believe that the result is a larger tactical diameter
and a longer time to change heading, etc. Some gain would probably be a smaller loss of
speed in the turn and reduction of heel in turn.

I am a little confused by the statement ‘‘The provision of response augmentation

through automatic control systems would undoubtedly he a step in the direction whereby the

manual controller is given Increased ability to perform more precise and more rapid maneuvers.”’

Ilow does a man enter a system that is under automatic control? In other words, to override
it. I’m not auite cleai on exactly what you mean by response augmentation. | wonder if you
could amplify this and also indicate to me how response augmentation has increased the
stability of the system.

In his coneluding remarks, item 2, the author made a statement that ‘‘Valid handling-
qualities eriteria for surface ships can only be defined by carefully eonducted experiments

with full-scale ships . . . .”” The Model Basin does not believe this to be correct. It has

-
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shown that the handling qualities of ships can be determined accurately on the basis of free-
running models and analog computer and simulator studies utilizing experimentally determined
coefficients for the equations of motion. The main objective of the Model Basin in this area
is to provide performance evaluation results and design recommendations for improvement of
performance, if necessary, before the contract pléms are signed. Full-scale studies are per-
formed mainly for correlation purposes. In using an analog computer as Mr. Williams points
out, you can simulate the various components that go into making up the closed-ldop system.
In fact, in some cases you can actually insert an operational component (hardware) into the
system, and this is a very powerful tool which has been in use at the Model Basin for the past
four or five years. The author’s thesis, on the other hand, is an after-the-fact approach which
would be prohibitively expensive in éhip work.

Item 4, ‘““The nature of ship hydrodynamics is such that drastically improved response
is not likely to be achieved through hydrodynamic design of the hull, but rather by means of
increased rudder power actuated by an automatic control system.”” How do you increase rud-
der power with an automatic control system? Possibly, by increasing rudder rate, which could
result only in comparatively slizht gains. And there you have to consider the limitations of
your steering mechanism which is normally desigzned to move the rudder at a rate of a few
degrees per second. Even if major changes in the design of such systems were conducted, it
is difficult for me to see that there would be anv marked improvement in handling qualities as

the result. 1 would like vour opinion.
Robert Morse:

The author stated that a human operator would perform best when the least signal
“shapine’” is demanded of him; i.e., that he perform as a simple amplifier. 1t is pointed out
that this is actually a verv strict and demanding requirement, since a human being has an in-
herent lag in his response which, however, may be negligible when considering the long re-
sponse time of ships. But it is certainly not necligible for the case of airplanes and zuto-
mobiles as mentioned in illustration by the author. It is further pointed out that a certain
amount of anticipation or ‘‘rate’’ is renuired of a human operator at the heln of a ship or the
steering wheel of & car for efficient performance. Thus, an experienced helmsman will apply
rudder as a function of the rate of change of heading (determined by the rate of travel of the
compass fine indicator, for example) rather than waiting for an actual heading change before
taking corrective action.

It would probably be in order te define a **good helmsman™ as one who, through expe-
rience and natural aptitude, has so developed his own ‘‘transfer function’ that in combination
with the ship and environment, the overall system characteristics are near-optimum. To do
this he must perform all of the functions of the automatic controller: that of sensing the error
with his eycs or by ‘‘feel’’; that of shaping and amplifying the signal in his brain by his expe-

rience and aptitude; and that of positioning the conirols by his muscles and dexterity.
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lle has the advantage over most automatic controllers in that he is adaptive; that is, he
is able to vary his ‘‘gain’’ and ‘‘signal-shaping’’ as the situation dictates. Thus, when he is
at the heim in rough seas, he is more alert and takes action more quickly. In so doing he has
actually increased his gain and phase lead (or anticipation) to perform the job. He can also
change his criteria of performance at will. Thus, in rough seas he may yield on maintaining a
tight heading control to limit excessive rudder activity.

The human operator has the disadvantage that his characteristics vary from minute to
minute and certainly from operator to operator. Iis peak performance is limited by factors
over which we have no control. Ile cannot match the automatic centroller in sensiti\‘/ity or

consistency of action or constant vigilance.
R. E. Newton:

I am very pleased with some of the features of this discussion. I think it is fairly clear
that we ship hydrodvnamicists are not asleep in this matter. In case anybody has any doubts
on the matter, they cught to know that there has been a precentetion of a theory, much on the
lines of this paper, employing servomechanics, by L. J. Rydill, who gave a paper in the Trans-
actions of the RINA of 1959. It was a very thought-provoking paper and accounts for ¢ransien?
effects that the author has not referred to.

Let me digress a moment and agree with Captain Saunders. Quite frankly, sir, I find it
difficuit also to foliow the jargon, and also, to be more frank, 1 find it very difficult to under-
stand Rydill's paper.

It is a very important thing that the hydrodynamicists should tuke a lead from the aecro-
dynamicists, and I honestly think that he does this every day. But when one turns to the
study of ships he is dealing in a body in two media, not one, and this complicates the subject
no end. [ wonder, myself, what thc autcmatic system is going to be in a ship, to steer it
without any attention by the helmsman, the captain, or anybody else, when one takes account
of pitch, surge, sway, and all this. Some attempt is being made to do this, as you know. In
the first phase we are going to pose a submarine problem where one gets a break, and [ feel
sure that TMB, AEW, end probably Japan and others are already doing computer studies of
this very problem.

Another impression that I thought I detected in the paper was that the ship was a very
big thing and has plenty of room and weight to spare. Whether the impression was right or
not I do not know, but I would like to say this—that the ship might be big, but there isn’t a
lot of weight and space to spare.

In other words, to sum it up, my opinion is that there is a lot to learn from this rather
excellent paper by Segel but I think we have to be very careful about how we apply it to a
ship. In the words of Lord Kelvin, ““When you can measure what you are speaking about and
give it specific numbers, then you do know something about it,’” and it is that stage which we

have to reach in this course of study.
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A. Suarez:

I have one point to make concerning the terminology and definition of handling qualities.
Actually a ship does not go out to sea and turn around in circles and perform big fancy maneu-
vers. We have really two problems in the operation of vessels: one is maintaining course at
sea, and the other the close-maneuvering problem associated generally with sheltered water
(where we usually run into trouble).

The steering rules at sea are one thing, but the rules in sheltered water in the vicinity
of walled bottoms and of cther ships approaching is an entirely, drastically different situation.
How any particular theory or rule can be incorporated into the operation of a vessel seems far
remote at present, unless we develop a terrific amouni of gear to put on a vessel (transducers
all around to integrate the pressure on the vessel) which will tell the steering apparatus how
to maneuver the vessel under any set situation. [ don’t see at present that we are going to be
very successful along these lines. We are still going to have to rely on the judgment of the
pilot, with his experience and background, running from one side of the bridge to the other,

to bring the ship in from the ccecan to a sheltered area.
v
1
Author's Closure:

Well, gentlemen, I expected controversy, and I must say rthat it certainly took place.

I don’t know Lhow I can really do justice to a rebuttal here. It scems tc me that it would take
nuite a lengihy period. 1 will try to do the best 1 can from the notes I took while the discuss-
ers were making their remarks.

I will start in order with a reply to Captain Saunders. 1 want to apologize for noi nsing
the proper language in my paper to do justice to some of these ideas and concepts that |
wanted to prescnt. 1 trulv feel that this is regrettable, but I hope that in time we can over-
come this language barrier.

Captain Saunders made mention of the role of the pilot and drew attention that the type
of closed-loop system that I pictured 1n Figure 1 of my paper ignored the presence of other
people and other factors in the loop. I agree with this comment; I believe it shows that if the
responses of ships were not se slow: the physics of ships and water were not so complex, that
ship-control procedures couid not have evolved in the wanner that they have today, 1n which
intermediaries are introduced to effect the tightness of the loop. Now I realize that when 1
use the term tightness I again use a terminology which perhaps does not have meaning to many
of vou here. But the loop is not tight as it is when vou are driving an automobile or perhaps
flving an airplane, and therefore there is a fundamental difference between the fast-respording
systems [ have referred to and the ship-control problem. I think there is no question that
pilots are necessary because very often the man at the helm i1s not in 2 position where he can
see what 1s going on when he is teying to negotiate a channel. The pilot is his second pair
of eyes ruuning back and forth, as | think Mr. Suarez mentioned, to check where the ship 1s

going, how close he is to the shore, and so forth. Perhaps in the future, if things eventually
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go in the direction I have indicated they might, there will have to be a large amount of design
consideration given to the helmsman, if he is to be the primary controller, and locate him
where he can see and not need this extra pair of eyes.

Captain Saunders also asked some questions about Figure 3. I want you to notice that
Figure 3 is plotted on the same coordinate and a2bscissa scale that is on Figure 1. Figure 3
shows the dynamic characteristics of what I choose to call the directional mode of an auto-
mobile. Actually an automokbile turns out to be a fourth-order dynamic system because of the
presence of a roll degree of freedom. Ignering that extra degree of freedom and thinking only
of the freedom to move laterally and to turn, you end up with a second-order system with a
directional mode which is the mode that is primarily excited by the action of the steering
wheel. This is merely a plot of the natural frequency versus the percent of critical damping
of the second-order dynamic system, and you can think in terms of a damped system with one
degree of freedom, but in this case we happen to be dealing with two degrees of freedom. These
charactcristics will describe the nature of the response: how rapidly it will build up; whether
there is an overshoot; what the damping is like; and so on. 1 grant vou, when a person drives
an automobile he is completely unaware, in many instances, of the fact that there are
appreciable dynamics between the time he turns the stecring wheel and succeeds in turnirg
the car. Actually, steering systems are not perfect. There are many lags; but if the front
wheels of the car are controlled directly, i.e., the fixed control response of the car as assumed
by Figure .‘3, vou would find that this stahle vehicle would have a response time of approxi-
mately 1 sec at 60 mph, where response time is considered in the manner that [ defined it.

In answer to Mr. Lum, who made the excellent point that we do not know enough about

the ship's transfer function, I confess that I am not really in a position here to comment as an
expert as to whether we do or not. | see others around me who, with the facilities we are
going to lock 2t today, represent the capability of doing more about solving this problem.

Getting additional information to solve the problem of representing strictly the hydrodynamic

characteristics, complicates the picture to a very large degree in comparison with other
vehicles, 1 think this is recognized. Many people have tried to examine the ability to con-
trol the ship by strictly lincar mathematical models which are valid within limits, and cer-
tainly Norrbin's paper is an excellent textbook-type of summary of the situation as it exists
today. I also felt that on examining many of the sections in Captain Saunders’ excellent
two volumes we are not in as bad a situation as perhaps Mr. Lum implies. [ may have misin-
terpreted. Maybe he doesn't think we are in as bad a way as [ have indicated. I agree with
the rest of his remarks.

Mr. Williams has expressed some very nice things about my paper, and I would like to
thank him for that. I don't believe that any comment is indicated.

Mr. Goodman, of course, has put me to the task and I’'ll try to do the best I can. Ile
made reference to the display system that is omitted in Figure 1, and I agree with him whole-

heartedly. The question of display ties in quite closely with the point raised by Captain
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Saunders regarding the pilot’ These are the connections between ship response and the con-
trollec. The display represents a ‘means whereby a man uses his senses to determine what
the ship is doing in a given situation; for example, a submarine where there is not contact
with the outside world and a man depends wholly on his instruments. 1 believe, as far as
surface ships are concerned, when passing through channels there certainly is no repiacement .
for the pilot’s visual reference, and this would take precedence over any instruments that he
may have on board. I agree with Captain Saunders that out at sea the gyrocompass is prob-
ably his primary reference. But to say a few more words about the display, many people,
particularly the psychologists, concern themselves with the problem of improving vehicle
handling cualities by making improvements on the displayv. This has been particularly true
in the submarine fieid. I do not take issue or quarrel with them; in some cases there is mich
room for improvement.

The remarks in my paper were primarily directed toward what can be done to improve
handling oualities and thereby iinprove overall ship maneuverability by working on the control
system between the operator ard the ship itself. To do justice to this argument would require
a lengthy vxposition. Briefly, these automatic control systems that 1 refer to as response
augmentation systems, are, effectively, systems that are inserted between the helm and the
rudder, or any other force-actuating device that mayv be installed on the ship. the purpose
being to take over the response augmentation task that the hclmeman tries to accomplish. 1
have argued thai it may be possible to impreve this system hy allowing the heimsman to ap-
proach the simple controller task and be represented as a simple amplifier. and thus take a
step in the right direction. To debate how far one can go in this direction gets into a wealth
of engineering considerations. 1 should make it clear at this poirt that evervthing in my paper
to all intents and purposes ignored the engineering problem. 1 am sure many of vou have the
engineeriny problem uppermost in your mind when you think about how you would implement
some of the things that I have mentioned.

The definitive maneuver concept was mentioned as a means of assessing handling
qualities, and T want to make it clear that I have no quarrel with this concept. 1 tried to make
it clear in my ~aper that 1 merely wanted to introduce a rather drastic hypothesis as to what
would constitute a definition or criterion of handling qualities, to underscore the importance
of bringing the response characteristics of the human operator into the picture. Definitive
maneuvers are a measure of ship behavior. The difference in the approach that 1 have indi-
cated is that in my own opinion the most important variable in the handling qualities problem
is the dynamics of the controlled element, bearing in mind tho nature of the human operator;
the dvnamic characteristics of the controlled element form the fundamental variable in the
whoie picture. As far as the definitive maneuver gocs, it involves a multitude of variables
including the-hydrodynamic characteristics of the ship_and the characteristics of the control
system. The mancuver is designed to bring out certain characteristics but these character-
istics are related in a very complicated fashion to the dynamic response characteristics of

the controlled element. 1 want, of course, to include the steady-state characteristice, the
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steady-state relationslips between the contrclled displacement, or input, and steady-state
response, in this case primarily turning response.

I agree that an attemipt to interrogate operators has many pitfalls and wouid lead to
failure. Our experience in the aircraft field has been that the only way we can get intelligent
operator opinion is to make available to them an aircraft that can be flown and which has the
capability of being altered rapidly from one dynamic response confignration to another. At
the same time the operator is given tasks which are representative of what aircraft daily are
required to do. For exampie, just fly straight and level, or attack a target. Fighter aircraft,
we all agree, do have this one important objective.

I’'ll skip around here with respect to ships. Relative t'o:makin,; an assessment of the
handling qualities of a ship, I tried to indicate that commentis should be obtained from the
pilot with reference to situations that are representative of what the ship coniroller has to
deal with every day.

Mr. Goodinan made reference to the point that you cannot get more out of the ship, in
terms of maneuvering capability, than is in it, as for example, in terms of the force-producing
characteristics of the hull and its rudder, and he is certainly right. This autematic control

or response augmentation svstem I mentioned certainly cannot make the ship respond any

faster or do anything more quickly than what control power s available to the ship by virtue
of the size of the rudder and so on. 1 think there is a little misinterpretation; T was trving to
indicate that the response augmentation system would merely try to take advantage of what is
available in the ship in teeus of control power. In this respeet, it would do the best it can by
moving these surfaces as rapidly as the steering motor will allow and by properly timing the
whole operation where the precision of timing 1s increased by an order of maznitude over what
the operator can do. Ile depends on his memory and his opinions to time his actions very care-
fullv. The automatic control system depends on instruments which measure what the ship is
doing and, hy virtue of computers or other eiements. causes the svstem to do the proper things
automatically, thereby relieving the helmsman of the burden to speed up this time. Now, if
research shows that, with the present engineering state of knowledge, handling qualities could
be improved by an order of magnitude merely by introducing a response augmentation with the
control elements that are presentlv installed in ships, then there would be reason for doing
something along these lines. There would be reason for thinking in terms of propellers at the
bow, perhaps at the stern. In more serious terms, we are concerned primarily with the maneu-
verability of the vessel in various situations and eliminating the need for tugs and =o on
which, as pointed out, can be a sizable and economical gain.

The question was raised as to where does the man fit into the automatic controls. 1
trust that my very inadequate remarks up to now have shed a little light on this. This auto-
matic control is installed between man and the ship, and serves the function of allowing him

to act as much as possible like a simple controlier.
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The question was asked, how does response augmentation improve stability? A re-
sponse augmentation system involves a force-producing mechanism which produces forces
proportional to perhaps the drift angle of the ship, the angle yaw-of the ship, or some other
motion variable. If'I produce a force and moment on the ship by artificial means, proportional
to some of these motion variables, I am basically changing the effective stability derivative
of the ship. I am effectively changing damping in yaw. We all recognize that if we increase
damping in yaw, we increase directional stability, and we are providing an effective improve-
ment in the natural dynamic stability the ship possesses on its own without any active con-
trol element. The question asked further, why full-scale handling qualities tests? 1 don’t
believe I could do as much justice to answering this question as has been done in one of the
sections in Captain Saunders’ Volume 2. I recall reading a discussion of how the time scales
difier in the model tests situation and the full scale. Finally, the last item I can comment on
with regard to Mr. Goodman’s remarks concerned increased rudder power and engineering con-
siderations. In my ramblings, I said previously that engineering considerations have been
overlooked. All I can say is it has been our experience in the aeronautical field that unless
one is willing to overlook some of the problems one must face to achieve a particular objec-
tive the state of the art is not really advanced at a very rapid rate. We all know that in-
creased performance has been the motivating impetus for forcing engineers to follow thousands

of problems. and 1 am perhaps naive enough to think that the day will come, to think in terms

of greatly increased performance being available on ships and submarines. I am sure it is
coming, and these increases in performance are going to require considerable increases in
controllability, stability, general nandling qualities in order for the Navy to take advantage
of these performance improvements. I want you all to understand that this last statement
does not imply any kind of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>