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PREFACE

The work reported herein was accomplished for the U.S. Coast Guard's

Office of Research and Develupment, Safety and Advanced Technology Division,
Vessel & Port Safety Technology Branch as part of its Commercial Vessel
Safety (CVS) Program. Technical direction of the work performed was provided
by Lt. John C. Burson, USCG.

Very significant contributions to the contents of this report have been provided
by:

The U.S. Navy's David W. Taylor Naval Ship R&D
Center (DTNSRDC), Bethesda, Md.

The U.S. Navy's Surface Effect Ship Project Office
(PMS 304), DTNSRDC, Bethesda, Md.

The British Hovercraft Corporation, Isle of Wight,
England.

The source of all background material used for the study is identified in
the text and listed in the references at the end of the report.
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SUMMARY

This report presents the results of the second (or classification) task of
a four-task study of intact-stability standards for dynamically supported
cratt. Four broad categories of dynamically supported craft are examined:

Amphibious Air-Cushion Vehicles (ACV)
Rigid-Sidehull Surface-Effect Ships (SES)
Hydrofoil Craf+

Planing Craft

The different methods by which stability in the non-displacement mode 1is
achieved by each of these categories is examined, along with the various
stability related operational hazards to which they can be subjected.
Existing stability standards are also reviewed. From these examinations and
from the results of the background study prepared as task 1, the four
categories of dynamically supported craft considered have been divided

into classes for which the same,or similar, intact stability standards can
apply.

Tasks III and IV which have not yet been initiated are designed for the
detailed investigation of stability parameters and for the development of
recommended stability standards for one, or more, of the categories of
craft examined.

1. INTRODUCTION

The United States Coast Guard has no special intact-stability standards for
craft such as surface-effect ships, hydrofoil craft and planing craft. When
such craft operate in the dynamically supported, or non-displacement mode, the
present intact-stability standards for conventional craft, cannot be adequately
applied. With the increasing commercial employment of high-speed marine
craft, for passenger and light-freight service, and the on-going development
of newer types of craft depending on dynamic-1lift principles, the U.S. Coast
Guard has become very much aware of the inadequacy of present regulations
regarding stability for application to these advanced craft. For this
reason, the Coast Guard has initiated a program of study to develop suitable
stability criteria to provide the basis for standards to assure the safe
operation of such craft.

The study is being carried out as part of the Coast Guard's overall Commercial
Vessel Safety Program (CVS). The CVS Program objectives are directed toward
minimizing loss of 1life, personal injuries and property damages involving
commercial, scientific or exploratory vessels,both domestic and worldwide,
through prevention of casualties. This objective is pursued through the
administration of federal laws, the development and enforcement of Federal
standards, and implementation of international agreements.
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The basiis Yor the Coast Guard safety program, with respect to foreign vessels,
is 4 serics ot international agreements which include the Safety of Life at
Sea (SOLAR) Convention aud various other international agreements drawn up
under the auspices of specialized agencies of the United Nations such as the
Intergoverumental Maritime Consultant Organization (IMCO) as described by
Gouddu, July 72,

On the l4th November 1977, IMCO published a proposed Code of Safety for
Dynamically Supported Craft* and the provisions of the code are now being
studied by the member countries of the Organization. In the United States,
the U.5. Coast Guard, as part of their CVS Program,are evaluating the proposed
(IMCO) safety standards and, if deemed necessary, will propose amendments or
new safety standards for commercial, dynamically supported craft operating in
U.S. waters.

The IMCO safety Requirements cover a wide range of considerations of which
cratt stability is only a part. Unfortunately, with the exception of surface-
pitercing hydrofoil craft, only general intact-stability guidelines are stated,
vg. "Within approved operational limits, the craft should return to her
original atcitude after a disturbance causing roll, pitch, heave or any
combination of these disturbances'. 1t is the objective of the present study,
however, to lay the groundwork for defining more specific standards.

In accord with IMCO philosophy, it was also recognized that it was necessary
to produce safety standards so that

(a) Existing craft, which have demonstrated their ability to operate
at an acceptable level of safety when engaged on restricted
voyages and under restricted operational weather conditioms, etc.,
were not further restricted, and that

(b) further research and development of these craft is not unnecessarily
inhibited.

The fundamental principle upon which provisions were to be developed was to
provide an equivalent level of safety to that nromally expected of ships
complying with the International Convention for the Safety of Life at Sea,
with full recognition that operational areas may have to be limited.

Proposed revisions to the IMCO Code of Safety regarding craft stability were
to be investigated and formulated by the Coast Guard by means of a two
phase study. Phase I was to be performed in two tasks:

Task 1. Establish the background of stability of dynamically supported
craft by a literature search.

Task [I. Classify dynamically supported craft by susceptibility to
like stability standards.

* IMCO Resolution A 373(x), 14 NOV 1977.
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It these activities suggest that etfective stability standards could be
developed for dynamically supported craft, the Coast Guard proposes to
complete the study by a Phase II consisting of two further tasks:

Task LII., Determine the effect of parameters critical to intact
stability in displacement and non-displacement operation.

Task 1V. Develop stability standards for one or more classes of
craft.

This present report is the result of Task II. Task I was completed in

June 1979 and resulted in a comprehensive six(6)-volume bibliography and
a description of the findings of the background study. The six volumes

were bound separately with the following titles.

Volume I. Background Study of Intact Stability Standards for
Dynamically Supported Craft, Master Report.

Volume II. A Categorized Bibliography of Amphibious ACV Stability
Related Reports.

Volume I1I. A Categorized Bibliography of Rigid-Sidehull SES Stability
Related Reports.

Volume IV. A Categorized Bibliography of Hydrofoil Craft Stability
Related Reports.

Volume V. A Categorized Bibliography of Planing Craft Stability
Related Reports.

Volume VI, A Categorized General Bibliography of Ship and Small
Craft Stability Related Reports.

This background study included the bibliographic search, document review,
annotation and interpretation of the technology and requirements for stability
of dynamically supported craft.

This present report, describing the results of Task 11, is organized to present
the background to prior stability standards, a classification of craft types
and how they achieve stability, a classification of stability related hazards,
a classification of stability standards and recommendations for work to be
performed in Phase II of the overall study program.

The stability of four broad categories of dynamically supported craft are
examined:

Amphibious Air-Cushion Vehicles (ACV)

Rigid-Sidehull Surface-Effect Ships (SES)

Hydrofoil Craft

Planing Craft
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The ditferent methods by which stability in the non-displacement mode is
achieved by cach of these categories is examined, along with the various
stability related operational hazards to which they can be subjected.
Existing stability standards are also reviewed. From these examinations
and from the results of the background study prepared as Task I, the
four categories have been divided into classes for which the same or
similar intact stability standards can apply.

Tasks Il and 1V which have not yet been initiated, are designed for

the detailed investigation of stability parameters and for the development
of recommended stability standards for one, or more, of the categories

of craft examined.

2. DEFINITLON OF A DYNAMICALLY SUPPORTED CRAFT

IMCO, 14 NOV 77 recognizes dynamically supported craft by the following
definition,

1.4.1 "Dynamically Supported Craft" is a craft which is operable on
or above water and which has characteristics so different from those

of conventional displacement ships, to which the existing International
Conventions, particularly the Safety and Load Line Conventions, apply,

that alternative measures should be used in order to achieve an
equivalent level of safety. Within the aforementioned generality,
a craft which complies with either of the following characteristics
would be considered a dynamically supported craft:

(a) the weight, or a significant part thereof, is balanced in one

mode of operation by other than hydrostatic forces; v

(b) the craft is able to operate at speeds such that the functionvgL

is equal to, or greater than 0.9. Where '"v'" is maximum speed,
(8] 11}

"L" is the water line length and "g" is the acceleration due to
gravity, all in consistent units.

1.4.2 "Air-cushion vehicle" is a craft such that the whole or a
significant part of its weight can be supported whether at rest or
in motion by a continuously generated cushion of air dependent for
its effectiveness on the proximity of the surface over which the
craft operates.

1.4.3 "Hydrofoil boat" is a craft which is supported above the water
surface in normal operating conditions by hydrodynamic forces generated

on foils.

1.4.4 "Side-wall craft" is an air-cushion vehicle whose walls extending

along the sides are permanently immersed hard structures.

This same definition has been adopted by the U.S. Coast Guard. Note that,
although an Air Cushion Vehicle is not in principle a dynamically supported

craft, it has been qualified as such under item 1.4.1(b) of the IMCO proposed

resolution. (IMCO 14 NOV 77)




In the context of this present report "Side-Wall Craft" (line item 1.4.4 of
the IMCO Proposed Resolution) have been redefined as "Rigid-Sidehull Surface-
i Etfect Ships" and (in most cases) this has buen abbreviated to the term SES.
Planing craft have also been included in this present study since at high
speed they can often qualify under line items 1.4.1(a) and (b) of the IMCO
proposed resolution.

3. REVIEW OF PRIOR WORK

Dynamically supported craft, by the definition of Chapter 2.1, were first
introduced in the late nineteenth century. By 1914, planing boats had been
developed sufficiently to be used successfully in World War 1. It appears
that hydrofoil craft, which were first introduced successfully by the Iltalians
in 1905, were being used for military purposes by the Germans at the beginning
of World War II. These craft were of the surface piercing foll type and have
since been developed further, principally by Italy, the Soviet Union, Norway,
Germany and Switzerland, and have been used extensively for passenger service
throughout the world. The Amphibious Air Cushion Vehiecle (ACV) and Rigid -
Sidehull Surface-Effect Ship (SES) first appeared as viable craft in the

late 1950's. By the late 1960's both types were being used extensively for
passenger service,principally in Europe but also in many other parts of theworld
Hydrofoil craft of the fully submerged (auto-controlled) foil type were

first introduced (by the U.S. Navy) in the late 1950's. Both military and
commercial applications of this type have since proved very successful.

From the background work for this study, the Master Report, Volume I,
presented a more in-depth discussion of these various developments, as they
related to craft stability. From this background review, it was evident that
very few stability related accidents had occurred among dynamically supported
craft to date. Additionally, no widely accepted stability standards had been
established for such craft operating in the dynamically supported mode.
Stability criteria, which have been developed by private industry and govern-
ments, have ranged from the use of simple design guidelines to the use of
sophisticated multi-degree-of-freedom mathematical simulations of craft
motions. Seemingly because of the applicability of the use of more
convent.onal techniques, standards for the evaluation of the stability of
such craft, in the hullborne mode of operation, have been given greater
publicity and have moved further towards gaining universal acceptance. (See
GOLDBERG FEB, 74 as an example)

o s20

The present study relates to both displacement and non-displacement modes of
operation, with emphasis placed on the latter. Since a designer and operator may
well be concerned about the stability in transitioning from one mode to another,

it was also considered important to review, herein, the development of stability
standards for displacement craft. Also, since the development of stability standards
for displacement craft have received considerable attention over the years,

it was hoped that some of the basic concepts developed, particularly those
developed in recent years, could be of value to guide the development of

standards for dynamically supported craft.

L anom

In the subchapters which follow, the prior development of intact stability
; standards for each class of craft of interest is presented, starting with a
K review of relevant work accomplished for displacement craft (or for craft

’ operating in the displacement mode).
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3.1 STABILITY STANDARDS FOR DISPLACEMENT MODE OPERATION

The development of displacement-ship stability criteria has seen a long
period of evolution which is still far from complete. According to BIRD
MAR 75, one of the first measures of ship stability was the (now well known)
metacentric height as developed by Piere Bouguer in 1746. In this
development Bouguer first defined the metacentric radius (BM), as the ratio
of water plane 2nd moment of area (I), to the immersed volume, V. (BM=L/V)
Thus, the metacentric height (GM), which was used as a measure of initial
pitch or heel stiffness, was defined as

GM = KB + BM - KG

where KB is the vertical coordinate of the ship's centre of buoyancy and KG
is the vertical coordinate of the ship's center of gravity. Thus,ship's
righting arm (GZ) was, in this case, approximated by

GZ = GM.sin ¢ or (GM)¢

with ¢ the angle of heel in radians.

By 1796, Atwood had developed an expression for the ship's righting arm valid
for larger angles of heel as follows:

v(hy h
cz= Y0LP2D  goyein o

A
In this case (v), is the volume of immersed or emerged wedge, (hjh,) is the
moment arm of transfer of volume and (BG) is the vertical distance between the
center of buoyancy and center of gravity.

It was recognized (if not at that time, then later) that (i) the (GM)
should be large enough to prevent capsizing, excessive list in case of
flooding or excessive list under pressure from strong beam winds and (ii)
the (GM) should be small enough to prevent violent rolling in waves.

In an attempt to relate stability of ships to their rolling motion the concept
of work-done to @apsize was introduced by Moseley in 1850. Moseley considered
the balance of work done under the influence of external forces and the work
required of the ship to resist such action in terms of the area under the
righting moment curve, eg. if the inequality

/‘"max
o [Mr(¢) - Mh(¢)] dé > 0

int

was maintained, the ship was considered to be stable. In this case M_(¢) and
M,( ¢ ) are the functional relationships between righting and heeling moments
respectively and the angle of heel. ¢jn¢ and $¢max are the initial and
maximum angles of roll respectively. The general concept of this approach

is still widely used.

The reader is referred to CLEARY MAR 75, HYDRONAUTICS 75 and BIRD MAR 75 for
more detail concerning the historical developments in displacement ship
stability criteria.
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The most significant milestones and contributions which have led to the
development of modern-day intact-stability criteria for displacement vessels
arereviewed in Table 3-1. Of particular significance is the work by Moseley
1850, Pierrotet 1935, Rahola 1939 and Odabasi 1976. The intact-stability
standards that have been developed specifically for high-performance ships
operating in the displacement mode can be found in:

(i) the U.S. Navy's standards presented by Goldberg 1974 and
(ii) the IMCO Resolution A 373(x), 14 Nov 1977,

From the review of Table 3-1 and the standards given in the above references,
four distinct groups of intact-stability criteria have evolved.

(a) Criteria which use GM and Freeboard and are now applied mainly to small
craft, tugs and fishing vessels.(See USCG Standards for example)

{b) Criteria based on GM and the statical and dynamical righting levers
as used by IMCO for example.

(¢) Criteria which used simplied theoretical heeling levers for comparison
with theoretical righting levers as now used by the USSR, Japan and
many European countries.

(d) Newly developing criteria which are based on the theory of stability of
ship motion. (See Odabasi 1976, and USCG sponsored work by Bovet 1973
and Paulling 1973)

TABLE 3-1, SIGNIFICANT MILESTONES AND CONTRIBUTIONS IN THE DEVELOPMENT OF
INTACT STABILITY CRITERIA FOR DISPLACEMENT VESSELS.

TEAR PRINCIPAL | RELEVANT FORMULA COMMENTS
INVESTICATOR|
1740 Bouguer Metacentric radius defined.
1796 Atwood More precise derivation of snips righting arm.
1350 Moseley The concept of work-done to capsize established.
1887 Deany Safe minimum stability curve recommended.
1906 BBTR British Board of Trade Rules; gave minimum freeboard standards.
1913 Benjamin l)ebo 20.056 fe#rad for p= 60° | Concept of dvnamical lever.curve introduced as the integral of

the righting arm curve. Benjamin's recommendaticns for minimum
2)eyy 20.164 fedrad for 9= 30° | integral values egq and e3g followed a comparison of a large
number of vessels which had operated successfully. His limiting
angles were criticized and he modified his approach to the
specification of a standard curve.

1922 Biles oM » 1.0 Fe. Minimum GM recommended for passenger ships. His concern was the
frequent over predicrion of the actual GM in the as built
condition. The need to keep the period of roll longer than the
encounter periods to be expected in the N. Atlantic seas is
discussed.

192y Haolt Minimun and maximum GZ's are recommended to give satisfactorv
initial stability and safe rolling motions from comparison with
existing ships.

(R Solas International Convention for the Safety of Life at Sea.

i e International Load Line Convention. Only general guidelines
glven,

19y Plerrottec Forces tending to cause capsize sre iaveeti-

gated. TIncluded are the forces due to wave slope, wind pressure,
passenger heel and rudder action {n high speed turns. The sum ot
these are plotted against heel angle and are superimposed upon
available righting moments. It was recommended that the
destabilizing force must balance the work done by the resistive
force at heel angles less than 50° for passenger ships and 25°
for ferry vessels. His recommendations were not well received.
They were considered to be too severe and the limiting angles
were too large. The approach (in modified form) {s still used
today by the U.S. Navy, the Japanese and many European countlles.

*originall- stites in m. rad.

O o T S PTGV T "R NGPRETOPOA L A 17 M cnus g AL




TABLE 3-1.  SIGNIFLCANT MILESTONES AN CONTRIBUTIONS IN IHr DEVELOVMENT OF
INTACT STABILITY CRITERIA FOR DISPLACEMENT VESSELS. (Cont'd.)

e m T S e e e —————— :]

bt ¢ for tmmerstion of aon-
walterCight openings

ISR . Voaat dtae Toad Lide ACC, tequirow v Lselds oot . sty
to have idevudte stubitlicy ’
BRI Rauola Woiea i, e g® Mhia wda u H1ant10anE onlf el ion tOvar 'w @ dacttoel “Tliefia.
B T N [t Bused UM 4 IDVEATILAL N o the dosses of Baliio Losetel stecters
L I S S A I Rahola Teasutied thdi 1t mus aGpdactical tu Jecetmipe docubalels
a2 13° the caps12ing forces U whict o ship <av subjected at ses, but
Dvnamica. lever shall be: avknovledged that the moments re-iating capaiie .ould be ade uat. i
! e @ 15 re. ey, for determined dnd presented 1o tefms 0! LS Catves dnd plots o 1
c * suablest or the lquovlnﬁ Jvnawtds 4l levers. His wore tocluded an favestigation o1 30
4 5 vapstien and the comparison ot (ne Stabillitly Oof rlLese shipy et
r [ . those thdt hdad not capslzed by Jdetermining: - l
|

1ar The naximup allovable beviing angle tof ach veosel

. he ainam r | \ PRI . b
E () > For shiiting cargo tby  The minigca required drca undeoe \pr Clghi tun ALD . ulve i »
i D s eag? to the maximus allowable hoeel angie

. (v} The required mipimum area undet the cighting 40w . atve o
‘ relation to the drea under the hecling sument curve.

% Rahola supported his investigacion with guneuvering vxperiments
[' to determine rudder forces and centrtfugal forces tn a4 turn. The
main critfcism of the criterion was that the approech was not
nondimens fonal and could not apply equally to ships of all stzes.

tyal Tavlot GM - 2.0 ft. For tishing vessel design a mintwum init{a! UM {s recommended
for che light conditiocn.

1947 Slapson Freeboard
M

tv v

to 2.9 tt. Recommended “rability Criterton ror U.S. East Coast trawlers.
4 inimun Freeboard and GM in no-fuel conditivn but with 1J to .0 tond
ot ice on deck.

1ea? Prohdska Nene given, Concept of Residual Stabtlity Lntroduced.

1th adequate stability information,

1951 Skinner None given. ecognition that damage stability criteria and the 1930 Load-line
K egulation for Veasels over 400 ft. in length provided adequate

\ intact stahilicy for large ships but not so for small vessels.

3 Skinner considered stabtlicy of small ships under the influence

1 jof simultaneous acction or wind, waves and shinping water. He

. koncluded that the Max GZ and the corresponding heel angle were
ufficlent to define the righting-arm curve.

" 1948 30Las - hi1s SOLAS Convention insisted thdr o}l Ship's Masters be provided
i

1952 srim {5 + L(GM + GM.Cos 3¢)% = O This @as the Tirst attempt to relate ine staoility of a snlp to

I = virtual nass moment of tts motions. [t is tnis approacn whicn ferms the basis of zost
inertia about rolling axis| modern research activities. Grim considered the variation of

3 = displacement restering moment in waves using the e¢quation shown to the left.

SCM= max. variation in GM {n 1934 Grim considered the morv genceral rolling motion as

1 = wave frequency Iy + "GZ(3) = Y% where M i» the excitation.

t = time

¢ = angle of roll

1954 Wendel Wendel, in combining the 1indings of Dany resear:hers, concluded
that the must critical stabllity condicion for ships under 20U f1
length arises when the ship reacts ro waves with lerngth ard
velocity the same as that of the ship and with wave crest
amidships. He found that the toral luss ¢f restoring moment in
following or quartering waves was dependent on wave height, wave
geomecry, steepness and the locaticn of the wave cresc relative
to the ships' length,

Wendel used a graphical approach bv superimiusing 3 one-dimenstiond
wave form on a shio's profile drawing and calculating righting
army allowing for sinkage and triwm. Although some capsizes wete
explained by this mechod, {t generally resulted in grossly unreal-
istic losses in restoring moments. This was later modified by
others Arndt & Roden uging the Smith Effect. (Also Pauliag

19s1)

1953 Kerwin Attempted assuciativn of ship moction theory with transverse
stability. Results showed that tor (conditions of nc damping
and for tatios of the wave encourter period to the roll natural
pertod of 0.5, i. 1.5 etc. unstable rolling motion occurred.

1930 Steel The effect of operational facturs on ship stability were consider-
ed. aAfter analyzing several casualties Steel concluded that the
winimh standards should not e sccepted without considering the
type of ship, {t's .ervice dand tvpe O cargo.

i
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Yamagut 4

Paulling

SOLAS

Paulling

iMCo

Du Cane

Sarchin

SIGNIFICANT MILESTONES AND CONTRIBUTIONS IN THE DEVELOPMENT OF

INTACT STABILITY CRITERLIA FOR DISPLACEMENT VESSELS.

< ivannT RMUla

lortuttet, 1995

(a) Heeling arm at point
(c)< 0.6 max righting arms.

(b) Ay > 1.4 Ag where Ay

extends 25° to vindward

fdemonntrated and veriiied experimentallv.

eometry and tor large angles he usked Bonjean and moment curves and

(Cont'd.)

T TENTS

T

Jajut wdas pfesc bt d. e methud
L) (anagates aisu
Jestabtlicing and tabalizing

stabi iy vriteliy udopied 1o
sl lar to Lhsl
pPlueseited Gl Beltun Torg
[T

Ured wan saed by Prerroteet o,

sleulacing

Unatable ship wuti s resulting trom nou-iincar
iaveatigated. Ploion, nedve and tull equation

3 Tavlut series cxpsnslon (ferme hilghet
ed) .

cvupling vere
wole (Rafluaed usifg
then >ectond Jdegree d150ard-
Heave-roll coupling lesding to instabtitc/ was analytically

Sdafety ot Life 4t Sea Cunventioa.

Ia an «xtention of Wendel's work Paulling computed the LYsnsverse
wtability of & ship supporied by a wave aund veriried his result
experisentally. He recognized that stability in waves differs
fras the stdtic case dua to the difference 1p under water geometry
Jand the non-hydrostatic pressure distribution (Smith Effece; in
praves. For small anglaes of heel Paulling presented analytical
juxpreasutons tor righting 4rm as & function of the whip end wave

sacisfled equilibrium conditions bty trial and error as per methods
lised {n bending-moment calculsttons.

IMCU Sub-Committee on Subdivision and stability for ell ship types
[was e¢stablished.

Broaching and surglng in following seas was studied and included
experimental investigation {n regular seas using a powered
ldesatroyer model in a free-to-surge rig. The phenomena of "capture
in which surging is reduced to zerc and the ship ts forced to
proceed at wave speed, was demonscrated.

This defines the stabilitv and buoyancy criteris for U.>. Naval
Surface Ships. The assessment of adequate Intact stadility uses
che Plerrotzet (1935)(so called wind-line) dpproach in comparing
the ship's righting arm curve and wind-heeling-arm curve and
includes allovances for the movement of hesavv weights and

of (¢). passengers, high-epeed turning, and top-side fcing.
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The criteria, in general, represent higher standards than
employed in commercial practice.

From an analytical treatment of broaching Suarez itndi.sted
conditions under which the vawing munent would incredse be:ond
the abLllity of the rudder to prevent brosching.

1962 Suarez

The existemce 0 aminimum Wave steepness bevond which broactung

would occur was demonscirated ustng staplifled equations or motion
in the horizontal plane. The cffect of hull design on broaeching

. tendency was also indicated.

1962 Swaan

e ———————ed
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iedher

a) GM > (.«% ft passenger ships
GhM_1.15 ft fishing vensels
b) ¢.z25 (¢_ is ¢ at max GZ)

€¢) GZ>0.66 fr at ¢ > 30°

d) Dynamical lever (e)
€30 210.3 fr.degi ¢ =30°

40 216.9 fr.deg: o =40°

or ¢ at the angle of floodan

€0 %30 2 3-6 fr. des.

TABLE 3-1. STGNIFICANT MILESTONES AND CONTRIBUTIONS IN THE DEVELOPMENT OF
INTACT STABILITY CRITERIA FOR DISPLACEMENT VESSELS

. (Cont'd.)

TNt

Vhlted Stdtes overument oo of Federal Regulation itle 6

e ok, containing section fo ) {(SubChypter Hiand Section <,.N1
Chanter 1,, s the sedtinf oriterion whinn tue U.S. Coast Guard
appltes o all passenger and merohect stiijos. These cuden

eriplay the 101014 Metdin . tr1C height ond (feebualfd LO d8acws

the eatent of stdabilicy.

li additiun other pectailzed stabllity criterta have been

¢ tublished coveting Jitlling rigs, sadling vessels, deck (arpo
Farges, tug boats, ot Ih patticular for Ofttehore suppl
Yeaselas, the U.S. 0. gdopted tp {Jba 4 stabaltey critertean
simiiar to Raholas tollowing the recognition thac oM limit,
divte <ere lasulltcieat .

The 1966 lnternational Load -Line Convention, which came into
effect in 1968 required all vessels over 79 ft. on international
voyages to have their stabiliry checked.

IMCO progress reviewed by Nadeinski and Jens. for fishing
vessels. New recommendations differed little from Rahola's
Tesults.

Intergovermmental Maritime Conaultative Organization published
intact stability stendards for psseenger and cargo ships.

The IMCO vecommendation for ships under 328 ft. was based on
a esmple ststistical analysis of the righting-arm curves of
capsized ships. The result is a standard vary simfilar to that
obtained by Rahola (1939) as illustrated in the figure below:

6z 3.5 o] [
o T T L T
1.25 — BENJAMIN (1913)
' ‘ !
' 1.M.C DENNY (1887)
0.7 = ] RAMGLA (1939,
0.5 F v - ”
o&s#*%?j"’;i - N
0 10 20 30 40 50 60 70

ANGLE OF HEEL, ¢ (DEGREES)
(From BIRD 75)

Note that the eftect of winds and waves are excluded and the
results have been critized for inconsiswmncies in the statistical
data base.
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TABLE 3-1. SICNIFLCANT MILESTONES AND CONTRIBUTIONS IN THE DEVELOPMENT OF
INTACT STABILITY CRITERIA FOR DISPLACEMENT VESSELS. (Cont'd.)

JOSANS

UL aATy

TaloreT Uiy

1972

1976

1976

1979

Beurc !l :an

US3R

Paulling

Odabasi

Amy

Wright

A
)

moment L capsize
“dvaamical” heeling momend

U.001 Pyan

wind pressure given d4s

4 function vt 2

>
1]

projected lateral darea
abuve waterline

helght of area centrold
4bove watuerline

Two principal sets of equat-
ions must be satisried which
tnvolve

(a) stabilicv against paramec-~
ric resonance (small angles
of roll) for a selecred
design-wave condition.

(b) the determinacion of the
maxioum possible angle cf
roll which must lie within
the region of stabjlity or
angle of down-flooding.

Specific standards are quoted
to govern the heeling-ara
curves for the following
hazards:

(a) Tripping of towing vessels
in calm water

(b) Water on deck in low-speed
head or fullowing sea
operation.

(c) Loss of stability in high-
speed operations in follow-
ing seas.

(d) Rolling with wind heel and
water on deck in beam-sea
operations.

- e

OENTS T "1

.

Analytical and cxperimental study ot the elfect ol torvard speed
on lateral atabtlicey of beam-trawlors o cals sud rough water
with head and toliowing seas.

A conventional “dynamical® scabi1lit, criterion (Muselev 1850)
1> used with the intluence ot rulling introduced vida «n
empirically bdsed calculdtiun of the smplitude ot rolling with
chis amplicude used a8 the initial angle of heel. The
amplitude of rolling ¢, 1s expressed graphically as s functiun
of ship beam, drafc, biock coeff clent and {nitial G.M.

Free-running cargo-ship model capsizing tests in heavy seas.
Tests conducted in San Francisco Bay showed that capsizing
occurred in one of three modes:

{a) low-cycle resonance due to passage of several stuep waves.

(b) a single large wave causes loss of stability for a

sufficiently long time to allow capsize.

,;
[

broaching in steep breakink waves when rudder cannot huld
course and dynamic effec? of returning causes capsize.

A very signiticant new intact-stability criteria is presunted
which 15 bdsed on the theory of stability of motiun. The
advantage of the criteria is thdt capsizing can be predicted
which cannot be predictued by exfsting standards. The criterfon
is apolied to the prediction of capsizing of MT. Edith Tericol.
Limictations oc the new criterion are mentioned und che need

for further research {s emphasized.

An experimental and analytical study of intact scability require-
ments for U.S. towing and fishing vessels i{s presented. The
characteristics of the U.S. towing and fishing fleets in general
were gachered, and 51 vessels were characterized in detail.

Four models of representative vessels were built and tested in
calm wvater and in regular waves. The calm-water tests studied
towing vessels' tripping by their owm power, and by the movemant
of their tow. The tests in waves took place in rollowing, Seam,
and head waves, sith tiue vessely running free or towing. The
relationships between a vessel's power, handling, and proportions,
and its probability of capsizing were studied. A set of stabiliey
critaria for use by the USCG was presented.

A simple equattion of roll motion (intended for beam-sea applica-
tions) {s set up and three approximate methods of solution for
the regular response are described. The simple equation allows
the system to be biased, but modes of motion other than roll are
suppressed.

Additions to the simple roll c¢quation ure proposed which allow
heave, pitch and swav to be included and also parametric
excitatlion. Sowme progress towards the theoretical predi:tion
of capsize in non-tegular waves is also reported.

Predictions based ou the analvsis cf the simple roll eQUELION Jdrfe
compared with the results of model experiments in a regular
beam gea.

Some vets of computed results are presented whi.h tllustrate th»
e’fect on the rewular roll performance of varving the parametery
of & hypothetical G2 curve which vas (“osen to be near the
1imits allowed bv the present IM:U scability criterta. These
results {llustrate the !mportant influence or the range of
stability and roll damping on the safety ot a ship from cavsize.

11
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1

g [ STABELEIY STANDARDS FOR HYDROFOLL CRAFT IN THE DYNAMICALLY
3 SUPPORTED MODE

! AL L AT

" 3.2.1 Crale with Surface-Picrcing Foils

. For hydrotoil cratt with surface-piercing foils, no specific stability standards
| could be tound from the literature search conducted as part of the background

i study. However, SUPRAMAR, in their report of DEC 76, provide some simple

design guidelines and the IMCO Resolution, 14 NOV 77, identifies some general
considerations. Methods similar to those presented by SUPRAMAR for assessing
the stability of craft with surface-piercing foils can also be found in

BATH IRON 54. Both the Supramar and Bath Iron Works reports are, however, i
only concerned with small angular motions about normal trim conditions in still :
water., The guidelines available are summarized as follows:

(a) IMCO 14 Nov 77

Chapter 2.5 STABILITY OF THE CRAFT IN THE NON~DISPLACEMENT MODE

: 2.5.1 The Administration should be satigfied that,when operating in the
non-displacement and transient modes within aj, proved operational limitations,
: the crafc will.after a disturbance causing roll, pitch, heave or any

,‘ combination thereof, return to the original attitude.

2.5.2 The roll and pitch stability of each craft,in the non-displacement
. mode, should be determined experimentally prior to entering commercial
& service and be recorded.

2.5.3 Where craft are fitted with surface-picercing structure or appendages,
precautions should be taken against dangerous attitudes or inclinations and
loss of stability subsequent to a collisjion with a submerged or floating
object.

Appendix I1, Chapter 1.2 STABILITY IN THE TRANSIENT AND FOIL-BORNE MODES

1.2.1 The stability should satisfy 2.5 of this Code.

1.2.2 (a) The stability in the transient and foil-horne modes should
be checked for all cases of loading for the intended service of
the crafc.

{b) The stabilfity in the rransient and foil-horne modes may be
determined either by calculation or on the basis of data obtained
from model experiments and should be verified by full-scale tests
by the fmposition of a series of known heeling mowmentsg by off-
centre ballast weights,andtyrecording the heeling angles produced
by these momencs. When taken in the hull-borne, take-off, steady-
foil-borne, and settling-to-hull-borne modes, these results will

K provide an indication of the values of the stability in the various
situations of the craft during the transient condition.

(c) The time to pass from the hull-borme tuv foil-borme mode and
: vice versa should be established. This period of time should not
! exceed two minutes.

(d) The angle of heel in the foil-borne mode caused bty the concentra-
tion of passengers at one side should not exceed 8°. During the
trangient mode the angle of heel due to the concentration of
passengers onn one side should not exceed 12°. The concentration of
passengers should be determined by the Administration, having regard
to the guidance given at Appendix III to this Code.

12
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Appendin L1E, PASSENGER LOADING

b, A mans ot /S5 kilogrammes should be assumed per passenger vxoeept that
this value may be reduced to not less than 60 kilogrammes where this can
be justitied. 1u additlon, the waws and d!stribution of tne luggage should

be to the satistacrion of the Administration.

2. The height ot the centre of gravity for passcigers should he dusumed
equal to:
(a) [ metre above deck level tor passengers standing upright. Account

may be taken, if necesssry, of camber and sheer of deck.

(b) 300 millimetres above the seat in respect of seatad passengers.

3. Passengers and luggage should be considered to be in the space normally
at their disposal.

4. Passengers should be considered as distributed to produce the most
unfavourable combination of passenger heeling moment and/or initial meta-
centric height which may be obtained in practice. In this connexion, it
is anticipated that a value higher than four persons per square metre will
not be necessary.

(b) SUPRAMAR DEC 76

In this report a comprehensive description is given of the development of the
Supramar series of hydrofoil craft, which were, until recently, exclusively of
sur face-piercing foil types. The primary point of interest, therefore, is the
insight provided to the design of such craft.

The influence of stability requirements on the principal features of foil
design is discussed and empirical rules are given to assure adequate initial
stability. The range of stability is not considered nor are criteria given
for maximum righting moments.

A point is made of the seakeeping ability of the surface piercing foil system
whereby, at reduced speed, additional foil area is immersed and damping is
enhanced. However, the foil tip becomes immersed at a smaller heel angle and
the foil span-loading is reduced by the speed reduction and it is not clear
that maximum transverse righting moment is improved.

The considerations given to transverse, longitudinal and directional stability
are as follows: -~

- Transverse Stability

The relationship between transverse stability and foil geometry is illustrated
for a typical foil system in Figure 3-1. With a heel angle ¢ applied to a

single foil, its lift is shifted towards the more deeply immersed side.The lift
vector Ly is then applied through the point G' and intersects the craft's center-
line at the metacenter M. The measure of transverse stability of the single
foil, as with conventional,displacement-ship terminology, is then the metacentric
height, as given by:

GM =h - (a+g) =h-35 (1)

13
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FIGURE 3-1. SECTION THROUGH FRONT FOTIL. FIGURE 3-2. SECTION THROUGH REAR FOIL.

' where h = 1/2bp cot. ag
] a = keel flying height above water (2)
g = c.g. height above keel
bp = wetted span of foil plan view area
ap = dihedral angle
since GMp = h - s (see Figure 3-1)
CMp = 1/2 by cot ap - (a + g) (3)

The wider the wetted spanof the foil and the smaller the dihedral angle ap, the
higher the transverse stability of the V-shaped foil becomes. This derivation
of GM is for a single V~shaped foil having essentially rectangular 1lift
distribution. For non-uniform 1lift distribution a correction factor must

be applied. (SUPRAMAR DEC 76)

With foils in tandem, the forward and aft foils (see Figures 3-1 & 3-2) act
in combination to give

GM= (GMF LF + GMR LR) 1/4 (4)

where A LF + Lg = craft displacement
Lp = lift from forward foil

LR = 1ift from rear foil
with np = load factor of forward foil = Lp/A
ng = load factor of rear fcil = Lg/A
GNT = ng [ 1/2 by cot ap - s} + g [1/2 bR cot ap - s ] (5)

g ( hg - s) + ng (hg - s)
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and the righting moment becomes ;

M= A LGN sin g (6)

Based on SUPRAMAR exvericnce  (SUPRAMAR DEC 76) adequate transverse stability
is abtained when h) ~ 1.9 n
s/ total

The term (h/s) contains the flying height (a) which can be freely chosen during
design. The flying height (a) also determines, to a great extent, the span of

the foil, and is governed by seakeeping requirements. In SUPRAMAR DEC 76, the

following, state-of-the-art guidelines are given:

T Al

a = 0.2 Al/3 for non-stabilized foils :

1/3 (8) ;

a = 0.3 4 for stabilized foils s

Also , since from combining equations (1) and (5) 1
({L) = Nghp + nghg (9) ¢
total s ¢
Therefore from equation (7): ?
h)y _ bF ] [ bR ;

(1;) = f [(EEJ cot ap + "R Y cot ag | > 1.9 (10) ?

total

Also, for vessels with fully submerged rear foils.

(:;’ = (TZ;—- cot ap + ng > 1.9 . :
total

- Longitudinal Stability

A detailed (but simple) formula for the computation of the longitudinal
metacentric height (GM.) available from the combination of fore and aft foils
is given in SUPRAMAR DEC 76.

Their recommendation is that the nondimensional metacentric height (GML/LT)
should lie between 3.5 and 5.5 where Ly is the longitudinal distance

between foils.

- Directional Stability

SUPRAMAR DEC 76 also gives some general guidance for adequate directional
stability. A method for calculating the transverse forces on aft and forward
foils is given along with a derivation of the moment balance about a vertical
axis through the craft's c.g. It is recommended that the yawing moment
contribution of the aft foils must be at least 20% greater than the moment
contribution of the forward foils for adequate directional stability.
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3.2.2 Cratt with Fully submerged Fofls

The dominant motivation for the use of fully submerged hydrofoils has becn
the alleviation of seaway disturbances and the resulting achievement of
extremely good ride quality in what are, fer small craft, very severe seas.
Thus, a great deal of the design and development eftort (largely carried

out by the U.s. Navv and its contractors) has been directed to this end.

The U.s. Navy's latest hydrofoil dynamics specifications and criteria, as
formulated in BOEING MAR 77, and much of the background literature have been
reviewed.,

This two-volume study represents a distillation of the Boeing Company's twenty
years of experience in the design and testing of hydrofoils. The format is a 1
proposed U.S. Navy specification of stability and control features of sub- '
merged-hiydrotoil ships as well as the analysis and test procedures to be
applied tor verification of compliance. ‘

The specifications presuppose the establishment of a design maximum sea state 3
and place a good deal of emphasis on ride quality. The adequacy of control {
authoritv is addressed, however, and corresponding criteria are set forth.Avoidance
of cavitation on foils and flaps is emphasized.

since the ftoilborne stability of subuwerged-hydrofoil ships depends on both
mechanical and electrical components of the automatic-control system,as well
as on the geometry and structure of the strut-foil system, the analysis of
control-system fajlure is discussed in depth. The importance of control-
svstem reliability is emphasized and means for its assurance are discussed.

This study is still in preliminary form and subject to review by the Navy
and other Navy contractors. 1In its final form it should provide the most
authoritative base for the development of U.S.C.G. stability standards.

The specifications given, however, appear to go beyond what are required

from considerations of safety. The following discussion represents an attempt
to extract those criteria which are strictly related to intact stability. Other
important ,safety-related consideratious such as failure analysis and maneuver-
abllity and collision avoidance are nut addressed.

The stability and,ulcimately, the safety of acraft with fully submerged
hydrofeils depends on the hull, on the strut and foil system (including

moveable control surfaces), and on the essential automatic-control system (ACS)
for manipulation of the moveable controls. The capabilities and limitations

of each must be integrated in the d2sign to provide adequate maneuverability and
seakeeping with acceptably low risk of casualty.

Several sources of hazard must be recognized. For example, the stability
of the craflt may be adversely affected by the loading of the craft. Thus,
the stability should be investigated for all reasonable variations of
lvading and, if necessary, bounds should be established for the amount and
distribution of loads., Any such restrictions must,of course,be known to
the operator.
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The running trim ot the craft in height, pitch, roll and control surface
detlection will attect the stability. This is governed by the ACS but is
subject to variations ol loading and, to some extent, to adjustment by

the operator.  Thus, for example, a height adjustment is usually provided
as may also be a pitch-trim adjustment. Any adverse c¢ffects of extreme
trim adjustments must be known to the pilot.

tn addition to trim adjustments the controls available to the pilot may
include a selection of ACS mode for takcoff, for example, or for rough-
water operation, If selection of an inappropriate mode can lead to a
stability hazard, adequate warning must be given to the pilot.

Most hydrofoil craft can safely perform any maneuver which the pilot can
order by his helm and throttle controls. The pilot must be made aware
of any exceptions which cannot be eliminated by design.

In general, a craft with fully submerged hydrofoils can negotiate sezs when
foilborne, provided that the wave heights do not exceed the limits imposed
by her size and strut length. Even the largest contemplated craft will be
unable to fly in the most severe north Atlantic storm. Thus, any craft will
be designed to provide a required level of ride quality and maneuverability
in a specified sea state. It is anticipated that a craft will not put to
sea when conditions are expected to exceed her design sea state. Neverthe-
less, the reliability of sea-state prediction is not adequate to preclude
cncountering more severe conditions. Experience has indicated that, for
some severe seas, it will be impossible to maintain flying speed. The craft
must then take refuge in hullborne operation. Safe operation up to this limit
sea-state must be assured. Otherwise a sea-state meter, or its equivalent,
must be provided to warn the pilot of unsafe conditionmns.

Other environmental influences besides sea waves may be important, including
wind and ice accretion. Proper account of these influences must be taken.

Since the stability of craft with fully submerged hydrofoils depends on the
proper functioning of an extensive and complicated mechanical and electrical
system, the possibility of failure must be adiressed. This is done in two
ways,

1. By careful design, including provision for redundancy of critical
¢lements, and the selection of the most reliable available compounents
to reduce the probability of failure to an acceptable level.

2. To attempt to assure that the results of any single failure will not be
catastrophic. This requires an analysis of the effects of hypothetical

failures and may also justify simulated failure tests in full scale.

Stability Criteria

A. TRIM

Foilborne trim refers to the pitch angle, roll angle and control-surface
deflections prevailing in steady, straight, calm-water flight at a set height.
{t is determined by the action of the automatic control system (ACS) and is
affected by the design of the strut/foil system as well as that of the ACS
and by the loading of the craft. In additjon it varies with the speed.
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What is ivportant trom the stability point ot view is that a sufficicent

vange of control forces be available, beyond the trin detlections, to counter
cavironmental disturbances. o addition the piteh attirtude, in particular,
must not be such as to prejudice the dircetional stabilicy or unduly increase
the likelihiood of foil broaching. The trim must be examined with these points
fnwmind and, if necessary, limits on loading, height and foilborne speed
vastablished.,

Figure 3-3 illustrates the relations between craft speed, pitch and after flap
trim angles for a hypothetical craft., If a linear control law is used to
relate the tlap deflection to the pitch variation from zero, then the trim [
condition will be along the appropriate (dotted) gain line. A gain of } would ‘
appuedr to produce excessive pitch angle, whercas a gain of 2 results in rather 1
large flap deflections. Thus, a gain of about 1-1/2 may bhe near optimum. i
3
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FIGURE 3-3. STEADY-S5TATE TRIM PROFILES TOR VARIOUS CONTROL GAINS, (derived
from BOEING MAR 77)

Ad justment oi the height is usually gvailable to the pilot and adjustment
of the pitch trim may also be provided. The pilot is then responsible for
maintaining suitable trim for the prevailing sea conditions.

A is the detlection of the control tlaps on the after feoil.

o is the pitch angle vartation from desired level trim,
K fs the tactor by which 9 is multipliced to obtain the equilibrium GA'




B. SPEED

Because of the characteristic shape of the drag versus speed curve for a
hydrotoil craft, with a hump approximately at the takeoff speed and a minimum
at a slightly higher speed, there is a speed interval within which steady
specd cannot be maintained at constant throttle setting. A potential hazard
exists in heavy seas, which cause speed fluctuations, that the speed may

drop into this unstable region with a resultant further loss of speed and
concomitant loss of roll control authority. The pilot should be warned to
maintain adequate speed in extreme seas. In addition, when elevon controls
are employed, the ACS should be designed to avoid full flap deflection, due
to a pitch error, which could exhaust the roll control.

C. PITCH & HEAVE (HEIGHT)

Motions in pitch and heave are so intimately coupled that it is essential

they be treated together. Variation of the height of the hull above the '
water, or the equivalent foil submergence, is the result of normal velocity ;
and pitch-angle excursions. Thus, it is possible to eliminate the normal
velocity from the dynamical equations and substitute the height and its
derivatives. In fact, this is essential since the height can be measured
and is a variable subject to control along with the pitch angle.

[P

Two modes of motion will be present, one perhaps predominantly in heave,

the other in pitch. Because of the pitch/heave coupling, however, both modes
will provide pitch and height excursions. Both modes must be adequately
stable. Design criteria in the form of gain and phase margins can be applied.
Verification can be accomplished during calm-water foilborne trials by making
rapid (step) changes in the height and pitch commands.

The design of the ACS is usually such that the forward-foil deflection is
determined by height error, modulated by the vertical acceleration, while
the after foil is mostly responsive to pitch-angle error. Conversely, k
the height is controlled by the forward foil and pitch by the after foil.

Loss of adequate speed leads inevitably to loss of support and a retreat
to hullborne operation. The distribution of load and the design of the
foils and the ACS must be such as to insure pitch control at all speeds

at which flight can be maintained. Care must also be taken to insure that
the incidence of cavitation cannot reduce the available control force
below a safe level at any speed.

U. YAW

Generally speaking it is possible to achieve course stability, in the sense
that a yaw-rate disturbance will decay if the rudder is precisely centered,
without the provision of static stability in yaw - sometimes referred to

as weathercock stability. On the other hand, if static yaw stability is
provided, then course stability is almost certain to result. Thus, it

is usual to require static yaw stability, about the center of gravity, with
the rudder fixed.
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; Yaw stability depends on the distribution ol strut ared and caa also be
£1 influenced by toil dibedral., The effective strut-arvea distribution is

' affected by the tlying height and more especially by the pitch trim. The
¥ stability is adversely affected by ventilation of the after struts., Thus,
" the criterion has been proposed by the Boelng Company that the pitch trim
must always be more positive (bow up), at any speed, than that required to
3 assure yaw stability with the after strut(s) ventilated. Furthermore,
1 stiability must be obtained with the pitch trim 2° more negative when all
" struts are fully wetted. Figure 3-4 shows the stability boundaries for a
hypothetical ship in terms of strut immersion with all struts fully wetted
and also with the after struts ventilated. A suggested minimum-pitch trim
line is also shown.
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The latest U.S. Navy hydrofoil ships have been fitted with a feature called
bank to turn. With this arrangement of the control system the helm produces
4 roll command, or what could,perhaps more properly,be termed a roll trim.
Response of the craft in roll is sensed by a gyro and this signal is used

to direct a deflection of the rudder to turn the craft in the direction of
the roll. Thus the craft is always banked into a turn. By the same token
the rudder responds to any roll disturbance so that course stability is
coupled to roll stability. The resulting steering 1s excellent. Furthermore,
if a large roll angle develops through any failure of roll control, the craft
is turned toward the roll which tends to alleviate its seriousness.

E. ROLL

As with most ships and other marine vehicles the roll mode constitutes the
most critical aspect of stability because the potential for catastrophe

is greatest. The craft with fully submerged foils depends almost entirely
on active controls for roll stability; the inherent stability due to the
effect of differential surface proximity is trivial by comparison. On the
other hand the available righting moment is usually so large at normal
foilborne speeds that wind loads rnd off-center passenger loads are
negligible., In particular, the present practice of using banked turns
renders trivial any heeling moment in a turn. Only at the lowest foilborne
speed, or when forced below minimum flight speed, are such disturbances
considerable. The mode of escape in such an event is to ditch the craft,
which can be done quickly by cutting the throttle and reducing the height
command. Potential difficulty at takeoff can be avoided by choice of suitable
course with respect to wind and sea directions.

The most important source of roll disturbance is the water velocity due to

the orbital motion in waves. In beam seas the horizontal component of the
orbital velocity produces side slip and resultant side forces on the struts
while the vertical component alters the angle of attack, and hence the lift,
on the foils, This is illustrated in Figure 3-5 which shows a craft poised

on a beam wave of height equal to the strut length, a 7:1 length to height
ratio, and with the crest at one of the side struts. An alternative scenario,
shown in Figure 3-6, puts the crest of a 7:1 wave of length equal to the foil
span amidships. The Boeing Company has proposed,as a criterion of roll-control
authority, that at any foilborne speed, the righting moment obtainable from

deflection of the ailerons (and the rudder ,if roll-to-steer control is provided)

must be larger than the heeling moment produced by either of the above beam-
sea conditions. The example in Figure 3-7 shows the results of such a
calculation for a hypothetical craft.

In order to maintain roll control at as low a speed as possible, the ACS

must be designed so that the ailerons (elevons) cannot be saturated as a
result of height or pitch errors.
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Experience with other types of vehicles indicates that the designer should
be aware of the huazards due to broaching, due to loss of directional
stability and due to the development of uncontrollable rolling moment.
This did happen to the experimental, high-speed hydrofoil FRESH-1 as a
result of improper height setting, pitch trim and perhaps foil-incidence
setting as well. It is not known to have occurred on any later craft,

It is believed that the employment of the voll-to-steexr feature may be
crucial in avoiding excessive side slip and the resulting rolling moment.
Formulation of a stronger criterion than those discussed here would appear
to require further study.

3.3 STABILITY STANDARDS FOR RIGID-SIDEHULL SURFACE-EFFECT SHIPS OPERATING
[N THE DYNAMICALLY SUPPORTED MODE.

There are no widely recognized stability standards for the rigid-sidehull

SES when operating in the dynamically supported mode. Since the early design
investigations in the late 50's the provision for adequate stability has been
almost excluslvely assessced from the results of model testing. Some attempts
have been made, however, to establish general design guidelines for safe
operation under various hazards and these are discussed below:

24

P reTER b A e AP 7 33 - N BT N DA TR 1 G Y AR et 7 e o DT



3.3.1 Early U.S., SES Gencral Requirements

(a) Static Stability (On-Cushion)

The ship shall be directionally stable in yaw over the entire range of pitch,
sideslip and roll angles which the ship can assume while maneuvering in calm
water and shall have the following static stability characteristics over the
entire speed range: -~

(i) Positive righting moment in roll up to an angle of + 6 degrees.
(ii) Positive righting moment in pitch up to an angle of + 3 degrees.

(b) Dynamic Stability (On-Cushion)

Roll, pitch and heave oscillations of the ship, when occuring, shall be

damped to small values in several cycles. Particular concern shall be paid

to the interaction of roll, pitch and yaw motions so that,at high speeds and

in waves, the ship will not be placed into jeopardy of capsizing or plowing-

in under worst-case combinations of attitude, wave location and control action.

(¢) System Failures

The ship shall be designed to operate safely in the event of any of the
following malfunctions or failures, regardless of the sea state and speed
at the time of the failure: -

(i) Failure of any combination of propulsors.
(i1i) Lift-system failure,
(iii) Bow-seal failure.

(iv) Stern-seal failure.

(v) Failure of any nonredundant control device.

(d) Stability Off-Cushion

The ship shall have sufficient stability, structural strength and reserve
buoyancy while off-cushion to withstand

(ii) A 100-knot beam wind combined with rolling
(1ii) A side-shell plating opening, of length equal to 15 percent of
the overall length of hard structure, at any point fore and aft
along the sidehull, together with a 30-knot beam wind with rolling.

Although the present study is concerned only with intact stability, damage
or system failure considerations have been included above since these can
often dictate overall stability requirements.
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3.3.2 AGC Craft Dynamics Program 1969

During the late 60's Aerojet General Corpouration (ACC), under U.S. Navy
sponsorship, performed a very extensive craft-dynamics fnvestigation with
the U.S. Navy's XR-3 test craft as the principal subject. The investigation
pursued two main objectives; the development of the equations of motion

and subscquent stability-and-control analysis of the craft, aud the develop-
ment of the equations of motion of the bow-und stern-seal systems and their
torce contributions to the whole craft. These analytical developments were
conducted parallel with supporting model-test programs. Data from the test
programs were used to update or modify the equations and their coefficients.
Predicted performance based on the modified equations was then compared with
model-and full-scale XR-3 test results. As a result of this study, safe
operational envelopes for the XR-3 were established and specific stability
criteria were recommended for future designs. Pertinent results of the study
are summarized below:

(a) Stability Against Rolling Over in Extreme Conditions . f

The possibility of rolling over in the presence of large side forces acting on i
the sidehulls is the main consideration with regard to the safety of an SES.
To operate at high speed in the on-cushion mode, the sidehull depth of
immersion must be kept small, and, for effective operation in waves, a
reasonably large clearance must be allowed between the wet deck and the
bottom of the sidehulls. Design restrictions generally require that the
c.g. be somewhat above the wet deck. Hence, the craft normally rides with
its c.g. relatively high above the water surface, so that the forces acting
on the sidehulls can have relatively large roll moment arms and can produce
large overturning moments.

In practice, when an SES rolls in response to an overturning roll moment, the
up—going sidehull does not rise appreciably above the water surface. If it
rose further, a large air lcakage area would appear under the sidehull,
resulting in a drop in cushion pressure. Consequently, the craft's heave
position would be reduced, under the action of the craft's weight, until the
leakage gap is effectively closed. This would restore the sidehull to the
water surface.

With the up-going sidehull assumed to remain at the water surface, the rolling
of the craft will result in a greater lmmersion of the down-going sidehull,
and, in the presence of a given side velccity, the side force acting on the
sidehull and the associated overturning moment will increase as the roil

angle increases, and this destabilizing effect becomes stronger as the
magnitude of the side velocity increases, The hydrodynamic sideforce Yp could,
for a first approximation, be equated to the lateral acceleration due to
turning.

2

ie Yy = WU (see Figure 3-8h)
gR
where W = craft weight
U = craft speed in the turn
g = acceleration due to gravity
R = radius of turn
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ln the presence of a sufficiently large side velocity, the destabilizing
moment could overcome the maximum available restoring moment and the craft
would overturn. The main objective, therefore, is to evaluate, as a function
of the craft's design parameters, the magnitudes of sideslip angle that can
be tolerated. Such an evaluation should be based for the most part on
couservative assumptions. Hence, the values obtained would be understood

to detine safe operating limits rather than ultimate limits of stability.

The absolute limit of roll stability is defined by the roll angle beyond
which the craft would roll over because the metacenter is below the c.g.
For conservatism in the AGC study, a small, safe limit of roll angle was
taken to be that angle causing the wet deck to reach the water surface.
Such immersion could be produced by extreme conditions of side force acting
on the sidehulls. The safe operating limits determined by this roll-over
criterion are given for ranges of values of such parameters as length/beam
ratio, pressure/length ratio, bubble~height/beam ratio, and c.g. height/
beam ratio. The beam width is very important in determining stability
against roll-over; a length/beam ratio less than 5.5 is necessary to limit
the roll angle so that the craft's wet deck will not be immersed. For the
nominal XR-3 length/beam ratio of 2.0, the vehicle was stable against rolling
over for the expected extremes of c.g. height/bubble height ratio.

Although no hydrodynamic stabilizers, specifically designed for this purpose,
are provided in the XR-3 design, the stern seal does provide a significant
hydrostatic roll-restoring moment. This contriubtion was not included in the
AGC MAY 69 study. Thus, the study may be taken to pertain to the case of a
design that is stabilized solely by the hydrostatic restoring moment of the
sidehulls. Altermatively, the study can be viewed as defining the stable
operating limits, considering the remote possibility that the stabilizing
contribution of the stern seal was lost through damage or failure. In
application to the XR-3, the results obtained were, therefore, very
conservative,

In addition to the destabilizing moment due to the hydrodynamic side forces
acting on the sidehulls, a destabilizing moment generally of much smaller
magnitude is contributed by the cushion aerostatic 1ift forces. This results
from the lateral shift of the line of action of the cushion lift with roll
angle. Although at higher speeds there is reason to believe that the
destabilizing cushion 1lift moment will be compensated by lateral hydrostatic
forces on the sidehulls, for conservatism no benefit was assumed from this
effect, i.e., the destabilizing cushion lift moment was retained at all speeds.

Depending on design factors and turning conditions, the moment due to the forces
acting on the rudders may be in either direction, i.e.,either tending to increase
or decrease the roll angle. In any event,this moment is under the operator's
control and presumably could, and would, be employed insofar as possible to
counter conditions leading to excessive roll angles. Therefore, if the craft

is otherwise stable and controllable, the rudder moment need not directly cause
overturning. No rudder roll moment was included in the study although the roll-
ing moment due to the rudder could be capsizing when pulling out of a turn.

In accordance with the foregoing comments, the contributions to the roll
moment considered were: (1) the hydrostatic restoring mament , Kyys: (2) the
cushion lift moment Kp; and (3) the moment due to the hydrodynamic side
forces on the sidehull, Kp. To maintain stability, the restoring moment,
i.e., the first contribution, must increase more rapidly with increasing
roll angle than the overturning moment, i.e., the sum of the latter two
contributions,




When consideration is restricted to unear-zero roll angles, the variation

ol cach of the wmoment contributions with roll angle can be taken to be linear.
Stability then depends upon whether or not the slope of the restoring moment
vxceeds the slope of the sum of the overturning moments; if so, the craft

is stable at zero roll angle (with zero sidehull immersion); if not, the

craft is unstable at zero-roll angle. However, in the latter case, stability
mav be reached at a non-zero roll angle, provided that, as the roll angle
increases, the nonlincar fucrease in the restoring moment exceeds the

nonl fnear Inercase in the overturnlug moment. When the side velocity 1is
reasonably small, the cratt then comes to a stable equilibrium at a small

roll angle with the down-going sidehull partly immersed as Indicated in
Figure 3-8a.

(4) Small
Side
Velocity

(b) Very Large
Side
Veloclty

(o1 Extremely
Large Side
Velocity

FIGURE 3-8. QUALITATIVE EFFECTS OF SIDE VELOCITY ON EQUILIBRIUM
ROLI. ANGLE, ¢.  (AGC MAY 69)
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As the side velocity is increased the equilibrium roll angle increases and
the immersion of the down-going sidehull increases. Eventually a point is
reached where the sidehull is completely immersed and the yet deck touches
the water on the down-going side, as illustrated in Figure 3-8b. The roll
angle at which this condition is encountered is given by:
Z
~ ,-1>c)
bg T tem ( b
where z¢ is the cushion~height, 1.e¢., the distance from the wet
deck to the bottom ot the sidehull, and b is the beam of the craftc.

Genvrally, at the point where ¢¢r is reached, the hydrostatic lift of the
sidehulls will still have a large roll moment arm. Hence, after this point
is passed and the wet deck becomes increasingly immersed, as illustrated

in Figure 3-8c, the restoring moment will increase at a much greater rate. j
However, eventually a point would be reached where, because of the reducing 4
roil moment arm and/or saturation of the available free-board, the restoring

moment no longer increases as fast as the overturning moment increases. This i
point would define the extreme limit of roll stability.

Because of the complexities that are then involved in representing the
hydrodynamic upsetting moment as well as the restoring mameat, it is difficult

to treat conditions obtained at roll angles beyond ¢cgr on a generalized
analytical basis. For AGC analysis, the point at which the roll angle reaches
¢cR» i.e., where the wet deck begins to become immersed, was taken as the
limiting condition. The envelopes that define this limiting condition will
invariably fall short of the ultimate limits of stable operation. Hence, these
envelopes represent a very conservative bound for the limits of stable operation.

The variation of ¢cgr with the cushion-height/beam ratio, zc/b, is shown in
Figure 3-9. For the XR-3, z¢ is about 22 inches and b is about 10 ft. Hence,
zc/b is about 0.183 and ¢cg 1s about 10.4°. ¢cg for other craft are also shown
on Figure 3-9.
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The net roll restoring woment is equal to the sum of three contributions,

i.e.
{ = K + K + K
l'\Nl'l'l' HYS 1. b

whiere KHY*
K
L.

“p

[}

z, = 1.93 £,

Sidehull hydrustatic restoring moment (Figure 3-10)

Cushion aerostatic lift moment (Figure 3-il)

Sidehull moment due to hydrodynamic sideivrce (Figure 3-12)
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Figure 3-10, EFFECT OF REDUCTION IN BEAM ON VARIATION OF
RESTORING HYDROSTATIC ROLLTNG MOMENT WITH ROLL ANGLE.

(AGC MAY 69)
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y FIGURE 3-11. VARIATION OF BUBBLE LIFT MOMENT ARM WITH ROLL ANGLE,
1 FOR VARIOUS C.G. HEIGHT/BEAM RATIOS. (AGC MAY 69)
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Figure 3~l4a shows that the limiting stability and <ondition, knypr = 0 at

b = ¢CR' occurs for‘a value of sideslip angle B near 8° over the range of
cushion density (p/¢) or weights shown, for the neminal length, beam, and
other parameters. Also, over this weight range, a ~table cquilibrium is
reached at ¢ = 0 if the sideslip angle is less than 3.7 to 4.5 as shown in
Figure 3-14b. Figure 3-1lda also shows that the sideslip angle “cr» for the
Iimiting condition of cquilibrium at ¢poi, is only slightly decreased by

increasing the ratio of p/& or by incrcasing weighe.
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FIGURE 3-14. VARIATION OF SIDESLIP ANGLE WITH PRESSURE/LENGTH i
OR WEIGHT FOR LIMITS OF ROLL STABILITY. (AGC MAY 69)

The effect of length/beam ratio (2/b) on the roll equilibrium is shown in
Figure 3-15. For the smaller beam width (larger &/b), no stable equilibrium
can be reached at zero roll angle but, instead, the craft must be rolled to

the angle shown in Figure 3-15b, (for example by ¢ = 10° for 2/b = 4.0).
However, for &/b values less than 2.5, the vehicle can be gtable at ¢ = 0

even for small sideslip angles 8. From Figure 3-15a, it is found that no side-
slip angle can be tolerated (without rolling the vehicle more than the limiting
condition ¢ = ¢cr), if the length to beam ratio /b exceeds 5.5.
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The effect of vehicle c.g. height zg oun the roll stability is shown in Figure
3-16, for other parameters at the nominal XR-3 values. The roll stability is
less for a high vertical c.g. position, but even at the large ratio of c.g.
height to cushion height, zs/z. = 1.64, the craft is stabhle at zero roll angle
(for sideslip angles of 3° or less), and the sideslip angle for stable
equilibrium at the limiting condition ¢ = ¢pgp is 6.4°.
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The effect of cushion height-to-beam ratio, ®./b, on the limiting roll angle,
écr» Was shown in Figure 3-9.At the higher ratios, the vehicle can roll

further before wetting the wet deck. The effect of this ratio on the largest
permissible sideslip angle for stable roll equilibrium is given in Figure 3-17,
This figure shows that the ratio z /b only slightly affects the largest sideslip
angle B, for stable roll equilibrium at zero roll angle. The permissible side-
slip angle Bgcr for equilibrium at ¢op increases considerably with zc/b because
of the increase in ¢ p versus z¢/b given earlier in Figure 3-9 (more roll can
occur before the wet deck becomes immersed, when z /b is larger). For the
larger immersion depths reached with increased zC(ds 24 inches for zpo = 2 ft,

dg = 36 inches for zg = 3 ft), the hydrostatic lift was assumed to increase

linearly with immersion depth beyond the 22-inch limit used in earlier calcula-
tions of hydrostatic force,
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(b) Sway/Yaw Directional Stability on a Straight Line Course

The primary factor determining dynamic stability in the coupled-sway/yaw mode
was shown by AGC to be thie craft's pitch angle, and the sway/yaw mode was
generally unstable for pitch-down of 2° or more. It was also observed that
the sway/yaw mode becomes less stable as the sidehull immersion depth is
increased up to depths of 15 inches, and then becomes more stable for further
immersion. The effect of Froude number was minor, with the sway/yaw mode
somewhat more stable at higher Froude number. The roll-mode stability
decreased with Froude number, but the mode was still stable for Froude Number
4.

Shift in longitudinal c.g. location had minor effect on the dynamic stability,
although the sway/yaw-mode stability was reduced for forward—-c.g. location.
Vertical shift in c¢.g. location had quite small effect on the dynamic stability,
which depends much more on pitch angle and sidehull- tmmersion depth.

Interestiog stabli{ty cftfects were tound at deep-immerston depths corresponding
to off-cushilon operation, because the sway/vaw mode became more stable as

the sidehull {mmersion depth (for the XR-3) increased heyond 15 inches and,

for a depth of 20 inches, or more, the sway/yaw mode remained stable even for
negative pitch angles as large as -4°.
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The conclusions about vehicle stability for shift in longitudinal-c.g. location
agree in a general manner with the XR-3-testcraft experience, where the craft
had satisfactory stability, with the main effect of longitudinal-c.g. shift
coming from change in pitch angle. The trim pitch angle has a strong effect

on the vehicle's drag; and also negative pltch attitudes lead more easily to
plow-in or, as shown In the AGC analytical studies, to reduced dynamic stability
for a straight-line course.

The sidetull- immersion depth/pitch angle envelopes that define the limits of

the region of these parameters, where the craft first becomes statically unstable
in yaw and then becomes dynamically unstable in the sway/yaw mode, are presented
in Figure 3-18. These envelopes were based upon consideration of the uncoupled
sway/yaw motion. It was anticipated by AGC that the negative pitch angle would
not destabilize the roll mode and the coupling with the roll mode would not

very significantly alter the effect of the negative pitch angle on the stability
of the sway/yaw mode. Calculation of the coupled stability roots for negative
pitch-angle conditions, confirmed these expectatioms.
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FIGURE 3-18. YAW/SWAY MODE STATIC AND DYNAMIC STABILITY
ENVELOPES FROUDE NUMBER 2.0. (AGC MAY 69)
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Figure 3-19 shows the stability envelopes obtalned from computations of the
coupled roots. The envelope (dashed) linc was obtained by interpolations
between the computed points (circles) as shown., These envelopes indicate a
smkill dependence on Froude number and a somewhat larger stable region than
obtained with the uncoupled roots, ie the coupling tends to improve the
stability of the sway/yaw mode. Because the roll mode was always stable,
the envelope is determined by the sway/yaw mode stability.

{dg = Sidewall Immersion Depth, in lnches)

O sStable
@ Unstable
~— —=— ~— Stability Boundary
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0 1 2 3 4 5 6 [¢] 1 2 3 4 5 6
[¢] r 0 — - v
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-1 o] o] 0 -1% [a) ol o
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i
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|
—2T o}
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. W/////%////Q 1l 4%%4

DYNAMIC STABILITY ENVELOPE, FOR COUPLED YAW/SWAY MOTION
ALONG A STRAIGHT LINE COURSE, USING NOMINAL PARAMETFR
VALUES FOR THE XR-3. (AGC MAY 69)

FIGURE 3-19.

AGC also explored yaw/sway stability for various conditions In the transition
from off to on-cushion and results were calculated for sidehull immersion
depths beyond the value dg = 6 inches discussed above. For on-cushion
operation, a sea state approaching 2 would be required to produce an equivalent
time average immersion depth beyond 6 inches. However, for off-cushion
operation, the sldehulls would be immersed their full depth of dg =22 inches.
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The resulting operadonal envelopes, found for various sidehull immersion
depths and pitch angles, are shown for the low-speed condition, Froude Number
0.3, in Figure 3-20. This shows that a considerable region exists in which
the craft is actually dynamically stable, although the static stability, is
unfavorable. Thus, the craft can hold a straight-line course in the larger
region of dynamic stability. At deep immersions the vehicle is dynamically
stable even for negative pitch angles to -4°, (A region of dynamic
instability where the craft is controllable by the rudder is also shown on
Figure 3-20) Similar results were found for Froude Numbers 0.5 and 1.0,
though the shaded region of static instability with dynamic stability was
smaller at the higher speeds.
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FIGURE 3-20. CONTROLLABILITY AND STABILITY BOUNDARIES, F = 0.3.
(AGC MAY 69)
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The operating envelopes of stability are shown for Froide Number 2 in Figure
321, for immersion depths up to 6 inches, and again shows that the craft

is dynamically stable for a range of negative pitch angle larger than the
limits of static stability. Results for Froude Number 4 were very similar to
Figure 3-21.
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FIGURE 3-21. CONTROLLABILITY AND STABILITY BOUNDARIES, F = 2.0.(AGC MAY 69)

The operating envelopes shown in Figures 3-20 and 3-21 may be used to determine
the region of static stability at various sea states by determinations of the
effective sidehull immersion depth dg for the sea state, through use of

Table 3-2. For a vehicle of different size than the XR-3, comparison should

be made for the same nondimensional values of dg yhere ¢ is the reference
cushlon length (£ = 20 ft for XR-3). T
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TABLE 3-2, RELATIONSHIP BETWEEN SEA STATE AND IMMERSION DEPTH.

XR-3
IMMERSION DIMENS 1ONLESS
DEPTH IMMERS ION
SEA STATE dS’ inches dg/2

-3

1 221 .910 x 10
2 ©.663 2.76 x 1073
3 1.11 4.60 x 1073
4 1.77 7.35 x 107>
5 2.65 11.11 x 1072
6 4.42 18.4 x 10°°
7 8.84 86.9 x 10>

3.3.3 Rohr_ 1978

The general stability criteria defined to guide the early development of
the 3XSES were as follows:

(a) Normal variations in static disturbance moments shall not result in
attitude variations of a magnitude sufficient to affect controllability
or significantly degrade craft performance.

(b) Subsystem component failures shall not result in uncontrollable divergent
motions or dangerously large attitude excursions.

(c) Changes in operating conditions shall not require excessive cg shifts
to arrive at acceptable (not necessarily optimum) running trim.

(d) Dynamic responses in waves shall be maintained to satisfy applicable
habitability criteria and to avoid dangerously large attitude excursions.

Subsequent development of the 3KSES design (ROHR 31 AUG 78) resulted, in
a more demanding requirement expressed as an expansion of item (b) above.

The stability criteria discussed in ROHR 31 AUG 78 require that the ship be
controllable for any single independent failure. The response of the ship
to any failure is taken to exhibit satisfactory controllability 1f {its
attitude does not go beyond 75 percent of the lesser of (a) the envelope

of static stability or (b) the range of available static stability data.
Because the ship is stable for all attitudes measured during model tests,
75 percent of (b) is the governing boundary, illustrated by Figure 3-22

for roll and drift angles at various speeds. The boundaries in Figure 3-22
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are applicable to the range ot trims indicated. This c¢overs the normal
operating trim with adequate allowance tor down-trin to the conditions for
minimum directional stability. It should be emphasized that even the limits
ot stability data (one~third greater than on Figure 3-2:) do not in any way
imply that instability lies just outside. Knowledge of such conditions is
not available. It is sufficient to show that the wmotiovun of the ship under
critical vonditioas will remain well within known safe attitudes.

For svmmetric failures (vertical plane), the criteria i«¢r safe response are
met without operator intervention. Some asymmetric failures, however, require
corrective action. In these instances, it is shown that the ship is readily

] controllable solely by a human pilot. Automatic stabilization devices,
while superior in the control of failJure response, are shown to be unnecessary
fur safe control of the ship.
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FIGURE 3-22. OPERATING BOUNLDARIES OF ROLL-DRIFT ANGLES.
X 3.4 STABILITY STANDARDS FOR AMPHIBIOUS ACVs WHILE OPERATING IN THE
,km ON-CUSH10ON MODE

No widely accepted stability standards exist for amphlbicus ACVs. As was
the case with the SES, adequate stability, over the years, has been judged
principally from the experience of model and full-scale testing. As a
result of this background, some basic design guidelines have evolved and
these are discussed below: -
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3.4.1 Pitch and Roll Static Stiffness

The level of pitch and roll static stiffness as measured during overland
hovering tests (or underway overwater tests)has appeared as the only measure
of stability which has received some universal recognition. This is apparent-
ly because {ts measurement is relatively easy to achieve. Although in itself
it conveys little regarding the craft's ultimate ability to resist a capsize,
the possible lack of stiffness can be used as an indication of potential
problems if values are outside of present day experience.

The pitch and roll stiffness of an ACV is typically expressed as the
percentage shift in center of cushion pressure which results from a 1 degree

change in roll (or pitch) angle qualified by the linear range over which it is
applicable and is written as:

M

K = % c.p. shift/degree = tﬁf" 100)

where M = moment to incline the craft through 1 degree
W = craft weight
L = cushion reference length (length or beam)

This, of course, is similar to the metacentric height (GM) used for assessing
the initial stiffness of displacement ships. The transverse metacentric height,
for example, can be expressed as:

: 57.3
G = K = K(3>===)B
MT W sin ¢ 100
where K = the righting moment for a small angle of roll ¢

W = ship displacement

K = % c.p. shift/degree

Pitch and roll stiffness for an ACV can be fairly non-linear. The range of
applicability of quoted stiffness values is usually of the order of +3°.
Some ACVs, which have operated satisfactorily, are unstable in pitch and/or
roll for small angles (e.g. #0.5°), in which case, the stiffness is averaged
over the range of say +0.5° to +3°,

It has become recognized that small, highly maneuverable ACVs, can be
satisfactorilydesigned with overland roll stiffness values of 0.5% B/deg

or higher and with overland pitch stiffness values of twice this value.

ACV stiffness, while underway overwater will, in general, be a little lower
than values measured overland, although at high speed.pitch stiffness, in
the bow-down condition, can diminish to very small values as discussed later
under the subject of plow-in. For large commercial ACVs, British Hovercraft
Corporation (BHC) have recommended (CAA JUN 75) roll-stiffness values in the

range of 1% to 2% c.p. shift per degree (with pitch values of about twice
these values).
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The chobve ot stitfness should alvo vecoguize the raonge of .6 . shify

required o the cratt. BHC crafr have been considercd satisfactory 13 lateral
C.G. shitts of 34 to 9% can be sustalned prior to signiticant skirt tuck-under,
(CAAN JUN 75) See later discussion of skirt tuck-under and plow-in.) The
actual shitt value depends upon the particular deslgn and should provide a
sate margin over the worst possible combinaijons ot upsetting moments includ-
tny,(4) control-force moments (b) wind moments (¢) wave action (d) maximum
likely actual C.G. offsct (CAA JUN 75). During destgn, one of the most
important parameters s the C.Ge~ helight- tocushlion-beam ratlo. Because

C.G. height has a destabilizing effect proportiocnal to rull angle it detracts
from the cushion forces which provide for roll and pitch stiffness. Also,

the larger the C.G. height in relation to beam the larger will be the
destabilizing moments in relation to stabilizing moments during turning
wancuvers. Thus, in general, the larger the C.6. helght rhe larger the picch
and roll stiffness should be.

-

RS

Figure 3-23 shows for several existing ACVs (and SES) roll stiffiness values
for corresponding values of cushion height to cushion beam ratio. Cushion ;
height (taken as the wet deck clearance hejght) 1s generally, (when comparing
. various designs), in approximate fixed proportion to C.G. height. Figure 3-24 i
1 shows, for a number of craft, for which nominal C.G. heights were known, that ’
' the C.G. height is, on average, about twice the height of the wet deck or A
cushion height. 3

QO AMPHIBIOUS ACVs ROLL STIFFNESS l
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FIGURE 3-24. CUSHION HEIGHT IN RELATION TO C.G. HEIGHT FOR A RANGE
OF EXISTING ACVs.

With cushion height instead ot C.G. height as the principal parameter, Figure
3-23 shows ACV overland roll-stiffness values ranging from 0.5 to 1.8% C.G,
shift per degree with cushion-height-to-beam ratios less than the British

CAA recommended limit of 0.2 (CAA JUN 75). Excluding the SR.N5 and SR.N6 craft
(which have in fact capsized) Figure 3-23 shows a slight trend towards higher
roll stiffness with craft of higher cushiomheight-to~beam ratios. This is
indicated by the envelope (curve) for ACVs which have (so far) not capsized
in operation. The selection of roll stiffness values equal to or greater than
those indicated by the envelope of current day experience on Figure 3-23
could be considered safe practice, with adequate margin, since all vehicles
below the line have behaved satisfactorily.

3.4,2 Pttch and Roll Dynamic Stability

(a) Plow-in

The principal concern for ACV dynamic stability underway has been the provision
for adequate resistance to skirt tuck-under and plow-in. Plow-in can occur
in smooth or rough water and is accentuated by operation with off-set C.G.
locations, high speed and reduced cushion air flow rate. Plow-in is due to
the development of either nose-down and/or rolling moments causing greater
than normal skirt contact with the water. This additional contact will
increase the drag forces acting on the skirt and will cause the skirt hemline
to “"tuck-under" which will tend to distort the bow skirt (support) bag rear-
wards, thus moving the center of area of the cushion aft to cause a loss

in available aerostatic restoring moment. This loss in restoring moment

is accentuated by the increased bow down moment due to skirt drag causing
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turther bow-down and/or volliap attitude and honce turther skict dwaersion

and drag. The plow=-in is chavactericed by o vapid decelevation combined with
Tarpe bowdown (4% o greater) andysor roll attitude with a tendeney for
dirccetional instability and the devedopmeat ot large {(generallys uncontvolled
anngles ol yvaw. The danper is that at some time during this maneuver, relatively
hiph specd beam-ovn (pure sideways) wmotion cau  occut.

Sinve the available restoring monents o roll are less then an pitch the .
destabilizing mowents desceribed above can create extreme angles of roll, i
caus ing hard structure rontact and the possibility of an eventual capsize !
in roll as discussed later,

To prevent skirt tuck-under and plow-ia, the bow and side skirts are designed
to resist, as tmuch as possible, the tendancy to deform horizontally under
load. This is controlled in design by the choice of skirt inflation pressures
and geometry.* For a given design, operational limits are usually placed on
the allowable ofi-set C.G. location, forward speed and cushion-alr-flow ratec
combinations.

Figure 3-29 (BLA JUL 79) shows the appareat tuck-under inception boundary for
the ULs. Navy's AALC JEFF(B) bow skirt as & function of forward speed and

L0y tocation as derived rrom full-scate trials.  These full-=scale results are
1 compared in Figure 3-26 with results of resting a 1/12th-scale model of the
! IEFF(B) having the same skirt geowetry. Although the full-scale data was is
obtained very early in the JEFF(B) test program, and at a time when skirt i
improvements were beipg made, it was apparent, from the comparison of Figure ;
=26, that the model-test technique, or srcale effects, resulted in the |

prediction of a far more optimistic C.G. shift capability than was initially i
achivved at full scale. The purpose {or presenting Figure 3-26 is, therefore,
to illustrate the potential danger of relying on predictions based exclusively
on modvl-scale data.
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FIGURE 3-26. JEFF(B) PLOW-IN BOUNDARY SCALED FROM 1/1.2th SCALE MODEL
TESTS IN COMPARJSON WITH FULT SCALE SKIRV TUCK-UNDER ‘
INCEPTION BOUNDARY.

(b) Operation at Large Side-Slip Anyles

Once the plow-in houndary of a craft has been cstebliched, from either full-
scale test results or frowm adjusted model- scale tent results, oreration within
the boundary will allow the avoidance of skivt twck-under and craft plow-in
during normal zero-sideslip operation.

During turning maneuvers, however, relatively large <ide-slip angles can occur.
If the mancuver is made at high speed aud the sidestip angle and velocity are
high, then a danger of side-skirt tack-under can exist. thas, regulatory

' authoritices have,in the past imposced operational specd - sideslip angle

| boundarics tor commercial craft as illustrated tor tie <SpN5 in Figure 3-27
(from CAA JAN 7/7). This type of restriction was tivst introdunced by BHC and 1is
still In use for all British commercial ACVs.

48

- - R R s e N
ot ML T e e AR R v




DANGER

OF PLOW-IN

SIDESLIP ANGCLE, DEGKEES

o 10 . 20 30 40 30 40 70

CRAFT FORWARD SPEED DURING TURN, KNOTS

FIGURE 3-27. SR.N5 SPEED-SIDESLIP BOUNDARY. (CAA JAN 77)

(c) Capsize in Roll

In all ACV capsizes, to date, the craft were found to have been traveling
sensibly beam leading (i.e. sideways) at sometime during the capsize. Since

the first commercial ACV capsize in
been given to the mechanism of roll
Hydroskimmer work of Bell Aerospace
significant. (See Background Study
significance, however, has been the

April 1965 considerable attention has
capsize. In the U.S., the early SR.N5 and
under contract to BUSHIPS was particularly
Volume L '"Master Report') Of greater

more recent work published by the British

Civil Aviation Authority in June 1975. This report summarizes the information
on hovercraft capsizing available to the U.K. Air Registration Board Special
Committee on Hovercraft Stability and Control. A list of all known overwater
commercial-sized craft capsizes aleng with all known overland capsizes of
recreational-sized hovercraft is given. Where known,abrief discussion of the
capsizing and the events leading to the capsizing for particular craft are
included. Also included, where known, is a list of craft particulars
(geometric parameters) of the craft involved. From this investigation of
capsizing events and craft particulars some of the factors affecting capsizing,
with particular reference to geometric parameters, are broughtout and recommenda-
tions are made on a range of suitable values of design parameters considered
most critical to minimize the risk of capsizing. These are reproduced in
Tables 3- 3and 3-4. Table 3-3 lists the design factors affecting the leading
sideskirt tuck-under boundary. The range of current practice is quoted but

it was stated that these values should not be regarded as design rules or
limiting values. The same comment applies to Table 3-4 which lists other
design factors affecting the craft's reserve against capsizing, again up to the
point of skirt tuck-under.

Various conclusions and recommendations are made in the report regarding craft
design, model and full scale testing and operational aspects to minimize the
risk of capsizing.
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TABLE 3--3.  DESICGN FACTORS AFKFUECTING LEADING SIDFSKUVETDT TUCK-UNDER BOUNDARY.
(CAA JUN 79

Sectional Geometry Parameters Comment Current Practice
. *

H _ Hinge vert. spacing High value tavourable 015t0 10

Xy Hinge horiz. spacing

P . B‘fg peﬂm‘e(er . High vulue favourable at lower pressute 17510 35

Xy Hinge horiz. spacing ratios (palpc’
_b_ . Cushion beam Low value favourable 50t 75

xH Hinge horiz. spacing

Percentage finger depth Low value favourabis, in theory, but

some minimum value { > 20%) probably
optirnum in practice, due to better drag
characteristics of finger than bag, even
on purely beam-on considerations

Overall Skirt Geometry and
Craft Parameters

Compartmentation Centre keal, with differantial pressure in
roll favourable, unless pB/pc for leading
sideskirt becomes low snd ZH/"H and/or
p/)(H are low.

H .
SK  _ Skirt Depth Low value favourable 010 to 0-20
b Cushion Beam

P8 . Bag pressure High value favourable 1-0t0 20

P Cushion pressure

Ch = Cushion loading High value favouiable 0-01 t0 0-03

b.t.c . Buoyancy tank clearance High vaiue favourable 0810 11

HSK Skirt dep*h

> . Cushion beam L ow value favourable, in 0410075

i Effective cushion tength

e conjunction with HSK/b and CA
but only /b/le is as powerful as these.
k' Wetting drag coefficient Low vaiue favourable, but unlikely to
j,‘ be very different from model value,
i i.e. of order 0-01.
L _

NOTE: The above statements and numerical ranges, which reflact design practice for several current craft,
are pravided for general guidance and not as design rules or limiting vetues. An overall configuration involves
4 compromise choice of all the factors, and may be satisfactory aven if one or more factors are at the least
favourable end of the range.

e T T R T

b 3
N
!

= Verlical spacing between inner and outer attachwent points of the skirt
loop to the hull structure.

=
i

= Horizontal spacing between inner and outer Attachment points of the skirt
loop to the hull structure.
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FABLE 3-4. DESIGN FACUORS AFFECTING CRAFI'S RESERVE AGAINST CAPSIZING
(UP TO TUCK-UNDER POINT).(CAA JUN 75)

Patametor

Comment

Current Practice

57.3 a(Au/prl _hg *
8 o¢ b

= Ditterential pressure rate
less CG height moment

parameter
b.t.c - Buoyancy tank clearance
HSK Skirt depth
hg/t _ CG height ratio
CA Cushion loading
parameter
p - Bag perimeter
xy Horiz. hinge spacing
Pg _ Bag pressure
Pc Cushion pressure
b - Cushion beam
Xy Horiz. hinge spacing

A high value is tavourable in

this context, but will be offset by
an adverse adjustment to the tuck-
under merit if hinge spacing and
bag perimeter ratios are not good
{unless initial pressure ratio is high).

The importance of this parameter

is modified by the size of the ‘drag
moment’ parameter, but a high value
is tavourable

Drag moment parameter. Low value
favourable.

Affects beam increase. High value
favourable.

Attects bag pressure moment.
High value tavourabte.

Relates skirt contact moment to
cushion beam dependent and other
moments. Low value favourable.

-0'3t0 06

081t 11

1010 25

1751035

1:0t0 2:0

60to 75

NOTE: The above statements and numerical ranges, which refiect design practice for several current craft
are provided for general guidance and not as design rules or limiting values. An overall configuration involves
8 compromise choice of all the factors. and may be satisfactory even if one or more factors are at the least

tavourable end of the range.

* Ap = difference in cushion pressure between port and starboard side of
longitudinal stability trunk.

3¢ = change in roll angle, degrees.

b = cushion hemline beam,

ft.

h . = height of C.G. above mean water plane, ft.

3/2

c, = W/(uhg(SC) )i S,

cushion area, ftz
= mass density of water, slugs/ft3

= craft gross weight, 1b.
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The Committee recognized that wmany problem arcas had Loos Lighlighted and
theretore further general rescarch was recommended, not oniv to lucrease basic
data and knowledge, but also to enable better theoretical techniques to be
formulated. Accordingly, a general rescarch program bascd on the Cormmittee'’s
recommendations was formulated by the CAA, BHC and other . in Lthe hovercraft
industry, and results of the program being conducted o0 the british Department
of Trade and Industry are expected to be published in carly 1980,

One of the particularly hazardous sltuations of concern for ACVs is the beam-
on wave over-turn situatlon as encountered with the R.N60G12 in March 72

when five out of a total of 26 passengers lost their lives in scvere weather
conditions off Spithead, in the Solent, England. Figure 3-28 shows the general
situation and Figure 3-29 illustrates the reported capsizing event. According
to WRAITH of the (CAA JAN 77), SR.N6 -012 left Ryue for Southsea and
capsized approximately 400 yards from the Southsea base. AL the point of
capsize the mean wind was approximately 30 knots, gusting to nearly 45 knots.
The wind was blowing on the craft starboard beam and in almost direct opposition
to the 2-1/2 to 3 knots tidal stream coming out of Portsmouth Harbour. There
was consequently a short steep sea with waves, estimated at the time, to be
s1x to eight feet high and up to sixty feet long. Figure 3-29 from CAA JAN 77
summarizes the information on the accident provided by eye witnesses who
included an N6 Commander who was watching the craft approach.
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FIGURE 3-28. CHART OF SPITHEAD TLLUSTRATING THE SR.N6-012 CAPSIZE,
MARCH 1972, (CAA JAN 77).
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FIGURE 3-29. ILLUSTRATION OF SR.N6-012 CAPSIZING EVENT (CAA JAN 77).

After the accident, BHC worked day and night to try to establish the cause,

by means of model tests and theoretical analyses. Almost immediately they
published a Service Bulletin which drew attention to the danger of decelerating
with sideways motion, particularly when using low-turbine rpm.* This was
followed a few days later by another bulletin, which described in full scale
terms the results of the model tests. It was found, that the craft could,
occasionally, be made to overturn in breaking wave conditions eight to nine
feet high and sixty feet long. These are unusually steep waves, but they could
occur in certain conditions of wind, tide and sea bed. It was not found
possible to overturn the model, in similar short steep waves, five to six

feet high. The model test method is indicated in Figure 3-30 and shows the
model placed beam into the waves, and pulled through them at the critical

beam hump speed of seven knots. A 40 knot wind force was simulated by an
off-set CG position and the towing methods were such that the model was
subjected to snatch loads representative of gusts.

According to WRAITH (CAA JAN 77) the results showed that when the model was
operated at normal turbine speeds, of 17 to 18,000 rpm, it was not possible to
overturn the craft in repeated tests. Also, if the engine power was completely
cut at the most critical moment, so that the side structure was buried in the
water, no overturning was achieved. However, if the power was reduced from
18,000 turbine rpm to 14,000 at the critical moment, the model could be made

to overturn, in approximately 1 in 15 occasions. This 1 in 15 occasions could
only be made to occur, if the craft was almost exactly beam to sea, and
drifting sideways at the critical speed. If the model was 20° off the beam
condition, no overturning could be made to occur,

*i.e. low lift fan speed and hence low cushion air flow rate.
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FIGURE 3-30. DlAGRAM OF BEAM TOWING RIG 1/75 SCALE MODEL 105. (CAA JAN 77)

= WKATTH emphasized that these were the preliminary results of a general set of
overturning model trials. Deliberately severe condittiouns, compatible with

1 those obscerved at the time of the accident, had beeu chuseu to find, quickly,

4 condition that would reproduce the over-turning. The key tactor appeared to
be a partial reduction of turbine speed (i.c. reduced cushion air flow rate) at
a critical moment and 1t appeared from the model tests, that wind strength

and asymmetric craft loading were quite secondary effects. Even so, overturning
could only be produced occasionally.

e e

WRAITH (CAA JAN 77 ) also reports on a program of model capsizing tests
conducted by BHC for the British Department of Trade and Industry. The
behavior of several model ACVs in calm and rough water were investigated
inciuding a model of the HD-2 with uncowmpartwmeunted skirt. Results for the
HD-2 are shown in Figure 3-31 which hasbeen repraduced from the original
test report (BHC MAR 73). This figure shows roll angle variation with
i constant beam-on (or sideways) towing speed measured over calm water
-« with an adverse rolling moment. As noted in CAA JAN 77,th2 resulting curve
shows a sharply defined critical- spered region around 6.5 knots where either
overturning, under the model-test conditions, or severe trailing-side skirt
scooping occurred with the application of only moderate adverse moments.
According to CAA JAN 77 , it is not completely understood why at 6.5 knots
the model {5 unstable yet completely stable at 0.9 knots either side of this
value, Tt is noted, however, that wave making drag and cushion induced wave
surface elevations vary very rapidly in the speed range 6 to 7 knots for
the HDL model and this could severely influence the balance of skirt-contact
forces and cushion restoring moments for this speed range.
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FIGURE 3-31, RESULTS OF HD-2 MODEL BEAM-ON TOWING TESTS (BHC MAR 73).

The test in beam seas indicated that when decelerating through the critical-
speed region the trailing skirt segments invariably scooped and the craft

never appeared likely to overturn. Thus, the combination of an effective
planing structure on the HD-2 hull and skirt segment scooping, together with a
relatively low skirt-depth~to-cushion-beam ratio (of 0.133) appeared to provide
a reasonably safe overall craft configuration. The reason for segment scooping
was not defined but it was felt to be an undesirable feature since it produces
high skirt loads. Also, should the segments cease scooping at an inopportune
moment, through fai lure of the inner ties, a dangerous roll situation might
develop.

Because the CAA report of JUN 1975 is perhaps the most authoritative review
of ACV capsizing which has been made available to date, the conclusions and
recommendations from the study are summarized below. It is noted in CAA
JUN 75 that the conclusions and recommendations are generalizations based on
the quantitative data and discussions given in the text and they refer
exclusively to stability; other design requirements may also need to be
considered.

Conclusions (CAA JUN 75)

1. "Hovercraft like all marine craft must be considered to be capsizable even
if in some cases the possibility appears to be remote. Unusual environmental
conditions, damage or mishandling may put any craft unexpectedly at risk.
Capsizing conditions may occur when the craft is operating on full cushion
or operating in the displacement mode or in any condition in between.

2., The capsizing potential of a hovercraft should be assessed for the craft
with any possible angle of yaw up to a full 180°. This is especially
important for those small craft which may be deliberately maneuvered in
such a manner as an aid to stopping.
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3.

(o) For all practical purposces a standard scequence of events can be

(i) Initially the craft is on-cushion and operating normally,

(ii) A situation and/or a maneuver occurs causing leading skirt
tuck~under.

(iii) The hard structure of the craft makes a dynamic impact with
the water surface.

(iv) The actual capsize occurs,

(b) teading skirt tuck-under is the most significant factor in the sequence
a4s a necessary, although not in itself sufficient, condition for this
form of capsize.

(¢c) The dynamic planing force of all relevant surfaces including deformed
skirts can have an important effect in determining whether the craft
will tend to right itself or tend to capsize.

(d) As the craft impact energy is absorbed the craft may develop a high
angle of heel when the normal static buoyancy stability will become
predominant in determining the subsequent movement of the craft.

In the full floating mode the stability assessments for hovercraft are
essentially the same as those for (displacement) ships.

A reduction in the possibility of leading skirt tuck-under may reduce the
incldence of overland capsizes.

Not very much is currently known about the actual capsizing boundaries
of some craft and especially of the margin between the warning onset of
skirt tuck-under and the actual point of capsize.

The misuse of the controls can be the prime factor in the initiation of a
capsize situation.

Particular attention should be paid to the mechanism of skirt tuck-under.

Sufficient information about wind and sea conditions is not always available
to Hovercraft commanders."

Design Recommendations (CAA JUN 75)

1.

The tendency for the skirt to tuck-under should be as low as practicable.
The vertical CG position should be as low as possible.
Where integral lift and propulsion systems are incorporated with a fixed

pitch propeller an effective means of stopping the craft, other than by
reducing engine power, is ersential.
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4. Cratt should be designed to have hydrodynamically stabilizing structures

all round., This can be arranged by means of planing surfaces for high-
speed beam-on motlon and by adeguate buoyancy reactions for low-speed motion.
5. The possible movement of payload, passengers and equipment should be mini- A
' mized to reduce the de-stabilizing moment in a capsizing situation. :
6. Adequate structure and skirt drainage should be provided to avoid asymmetric }i

water-weight moments.

7. Hull superstructure designs should be such as to avoid large de-stabilizing
moments as a result of high drag forces due to water trapping appendages.

The effect of system and skirt failures on the likely drag forces should
also be considered.

T

8. The design should be such that aerodynamic upsetting moments should be
minimized as far as is practicable.

] 9. Control ports where incorporated should be designed to minimize water
' entry,

10. Consideration must be given in new craft design to provision of: ‘

(a) adequate warning of an impending capsize

and }

(b) an adequate margin, between the warning and the eventual capsize, to ‘i
enable corrective action to be taken. The crew drills necessary '
should be established and scheduled in the Technical Manual."

Recommendations for Further General Research (CAA JUN 75)

1. It was recommended that further research be carried out not only to increase
basic data and knowledge but also to enable better theoretical techniques
to be formulated. Owing to diversitv of craft and conditions the Committee
considered it was not possible to list the recommendations for further

research in anything other than a very approximate order of priority, as
follows: -

"(a) Skirt tuck-under, including the effect of local wave surface elevations
and breaking waves.

A T T i s Bt

(b) Hard structure hydrodynamic stability, including the effect of local
F wave surface elevations and breaking waves.

T

(c) Establishment of aerodynamic forces and moments at high angles of pitch
and roll.

o e

(d) Sidewall (test) program as in Appendix 4 of CAA JUN 75.

ey pnad i

(¢) General effect of local wave surface elevations and breaking waves on
overturning.

(f) Overland capsizes including terrain transition and shallow water effects.

(g) Effects of skirt damage."
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"Model tests and tull scale trials jor all cratt types should cover the foilowing

Model and Fall scale Testing Recommendations (CAA JUN /5)

Items where possible:

T v

1. Model! tests, where appropriate, should be carrvied out to establish the
tollowing hasic quantities and thelr dependence on each other:

(a) Wave height and steepuness and applied moment below which a rough
wator capsize cannot normally occur.

T

(b) Lite-system volumetric air flow above which a capsize cannot normally
vccur over the range of operatiug conditions and applied moments.

(¢) Fitocts ot rate of change of cushion volume air on stabjlity. ¥
1
Parametoers such as VOO position, craft rell imertia, etc., should be 4
maintained at the most adverse values consistent with normal actual full-
scale craft conditions. :
4
2 Model tests should check the effect of the applicable maximum design (wind)

gust speed,

3. Tests and trials to explore and establish the skirt tuck-under boundaries
shoutd be established in terms of minimum Jift engine RPM or its equivalent.

4. Failure cases checked during trials should include the mishandling of
controls, particularly hydrodynamic rudder:.

5. During trials, recordings of roll angle and differential cushion pressures,
where appropriate, should be included amongst the information to establish

the skirt tuck-under boundary and floating stability,

6. Model tests should include checking the effect of beam-on motion under high
wind and sea conditions while in the displacement mode.”

Operational Recommendations (CAA JUN 75)

1. "fhe following operational procedures are vecommended 1o be incotporated in all
Type Operating Manuals in order that havercratt commanders ran minimize the
risk of capsize in calm water.

(a) If possible avoid moving at yav angles bhetween A07 and 120°
() Do not rveduce cushion aiv {f moving at those yaw aneles.
Ta addition while operating in rouapgh wator:

()  Avoid sliding sideways into or down beam seas. The craft heading
should be at least 20° tfrom the line of wave fronts.

[nformat ion on basic hovercraft stability and control should be compiled
in a form suitable for hovercraft commanders,

r
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3. Commander training should include the knowledge of environmental conditions
recommended in Appendix 5 Part 3 of CAA JUN 75. Special efforts must be
made to acquaint hovercratt commanders with the particular environmental
conditions of their route.

&

Driving instruction should cover all craft and weather operating conditions,
including emergency conditions beyond those for which the craft is certified .
tor passenger scrvice, before a full licence is granted. 1If necessary, “
the licence should be issued in stages leading to full clearance.

5. Hovercraft commanders should be subject to a regular re-assessment of their
craft handling procedures during commercial services.

6. Leading skirt tuck-under which results in a plow-in when experienced during
normal operations, should be a notifiable incident. The commander should
also note in the craft log book any uncharacteristic behavior of the cushion
system."

Requirement Recommendations (CAA JUN 75)

1. "“Chapter B5-9 of the British Hovercraft Safety Requirements(BHSR) should

be reviewed to ensure that adequate floating stability margins are required X
for the Intact and selected damage cases. '

2. The relevant requirements on controls and controllability in BHSR should be
progressed by the CAA."

General Recommendations (CAA JUN 75)

1. "The Committee strongly recommends that data which have a relevance to craft
safety should be actively circulated amongst all appropriate Hovercraft
Authorities.

2. The Committee recommends that this report be made available to all interested !
parties at home and overseas. t

3. Appendix 1 of CAA JUN 75 should be forwarded to the British Standards
Institute and other authorities so that the terms and symbols can be considered '
for general use by the hovercraft industry, '

4. The exchange of technical information throughout the industry should be
encouraged,

5. Hovercraft technology is comparatively new and is subject to change. It is
therefore essential that this report be regarded as relevant. to the current
time only and that it should be reviewed at regular intervals."
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o AR DY S EANDARDS POR PLANING (Ralll !
oL b UsCo standards ‘
Pac Unotod stades sovernment Code ob Federal Repulation T 0e An "Shiipping"”
contointny saoctton 7401 (Chapter H) is the Weather (or Wind Heel) and :
Poccocaguer heo D dedterion which the Uls. Coast Guard apply 1o all passenger
visse o For ot -shore supply vessels and crew bhoats this is modified by
wphication ot G stability criterion (See Table 1, USCE, 0 DATE) sinilar '
to Raholas (1939) tollowving the recognition (in 1964) that C.M, iimits
alone were insutficient.  (See also USCC "Ruivs and Kegulations tor Small
Passenger Vessels (under 100 gross tons, Subchapter T, €C-423)).
Lt is thi« criterion which §¢ currently applicd to all swall passenger
cartyving vessels in U.S. Waters including passenger carrying planing crafe.
it does not apply to recreational boating, (the discussion of which is outside
the scope uvf this present study).
The wind heel criterion,formulated in the early 50's,-st.hlished umiz wind
. pressures for lakes, bays, and sound, coastwise and oceangoing vessels which
thus established a heeling moment. The standard required that the metacentric
' heipht (GM) be sufficient that the vessel would not hicel in excess of one-half
! the frechoard or 14 deg, whichever is less.  The passenger heeld oritevion
similarly required the passengers all te be placed so that the center of their
. wefght wds one sixth of the beam from the centerdine of the ship, and the ’
Heel angle could not exceed that specified for the wind heel criter’a.
Passcuper vessels also had to meet Adamage svabilite o fteria, and iu those
da s these were penerally governing, it the vessel was a high-speed craft the
desiponer rontinely checked the heel during @ high-speed turn, and if the vessel
Bad welght-handliayg, equipment he checked the heel caused by lifting weights on
, and ottt the vessel and assured himsel! that these heels were within acceptable
; limits. (NICKUM TUL 78)
by The 190Y moditication to the wind--hiecl and passcorger heel criterion adopted
¥ only the vighting encvgy part of Rahola's viiterion and regquired that the ;
> righting energy up (o the angle of maximuwn G, tle angto of Sownliceding, or '
k- the angle 40 deg, whichever was smaller, be at least 15 deg--Tt. The USCG
did not adapt Rotola's winimum G2 of H.k6 1, nor did thes, Ffoy offshare supply v
boats, adopt the oopreach thar the angle of GZ maximuw o net Tese than 30 deg. .
Wher the bacie Coast Guard wind heel critevion sae appiied ohs cos ary !
aotdom governing.  The subzequent number of casualtics 0 ofishere supply boats
war anch reduacod . (NTCKUM JUL 78)Y
L.5.2 other standards Applicable to Planing vraft
ARYC . "atety Standards tor small Craft”
MIE ST 1A 728 "Human Enpincering Criteria tor Military swverems Fguipment
and Foooilities,”
' 'SCG, "Rules and Bognlations for Uninspected Vessels, Subchapter €', CG-258
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NAVSEC, NORFOLK, "Procedures Manual, Dynamic Stability Analysis for U.S. 3
Navy Small Craft", Report No. 23095-1, January 1977. i

Lloyds, "Rules and Regulations for the Construction and Classification
of Wood and Composite Yachts'" !

Lioyds, "Provisional Rules for the Construction of Reinforced Plastic Yachts"

3.5.3 General Considerations £

E The above standards do not necessarily recognize,however, the special

[ considerations of the high speeds achievable by modern day passenger carrying

! planing (or semi displacement) craft. For chine boats,the question of

F transverse stability has, over the years, been given very limited treatment. -

, However, the fact that these vessels were always beamy with very large §
transverse GM's when planing, has seemed to have satisfied the test of time.
Compared with other types of dynamically supported craft the planing craft is

Ll well known and has been in wide use for very many years. The principles

” of planing lift are well understood; a great deal of theoretical and experi-

mental work has been devoted to the study of resistance of planing hulls and
[ very large numbers of successful and safe planing craft have been built for
- military, commercial and private use. The stability of planing craft, however,
is an extremely complex subject and very little analytical work has been done

oy on this subject. One reason for this is that there has not been very much

incentive. Stability problems of planing craft have, traditionally, been solved

empirically and successfully by simple, practical remedies such as the use of

ballast to move the center of gravity or the use of transom flaps or '"shingles"

to change the running trim angle. In any case,the modes of instability that

do occur ,during the operation of planing craft at moderate speeds,are normally

rather mild and can be avoided by the operator by changing trim (by thrustline

or transom-flap control), by changing speed or by moving passengers or crew.

Observation of any of the nation's waterways on a weekend in the summer

indicates that planing craft can suffer wide ranges of operational abuse in

terms of loading, speed and turning maneuvers,without displaying undesirable, i3

unstable tendencies.

Stability problems encountered by planing craft can be categorized as follows: - H
k (a) Displacement mode -

The planing craft is very often much less stable in the displacement mode than
when planing. This is particularly true of the deep-vee types and much less

true of multi-hull types. The Seaknife, for exmaple, which can be regarded as
an extreme case of a deep-vee type is undesirably unstable when at rest. The .
fact that many small craft are rather prone to swamping and capsize when at i
rest has been the cause of many accidents.

—-—
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(L) Porpuisiag -

The coupled pioch and heave fastability known as "porpolsiog" is protably
Lthe wost commonly experfenced mode of instability encountered in planing
cratt. At moderate speeds 1t can be persistent but Is uwsually not very
severe.  Once porpoising starts it will usually not die out until either

the trim is changed or speed reduced. At high speeds porpoising can be
cxtremely dangerous as it is aggravated by large aerodynamic forces and

can rapidly build up until the craft leaves the water entirely, which can
cause the craft to flip or can cause such severe impact loads that the

cratt breaks up. Such accidents are not infrequent among racing hydroplanes.

The ractors governing coupled pitch and heave instability were first analyzed
by Perring and Glauert 1932,using the "Routh Discriminant" approach to study
the take off and landing dynamics of sea planes. For application to planing
cratt several researchers have since provided useful guidelines for establish-
Ing porpoising limits. These include DAY & HAAG MAY 52, CLEMENT (63 and 66),
SAVITSKY  0OCT 64, HSU MAY 67, PAYNE AUG 73, ANGELL APR 773 and MARTIN MAR 78.

As noted above, porpoising can lead to large aerodynamic pitch-up moments.
The acrodynamic stability ot a planing craft is best evaluated 1in a wind
tunnel. Consderable discussion on this tupic can be found in DU CANE 72,
page 394,

(¢) Transverse Stability -

Most hard chine craft are very stiff in roll when in the planing mode as a
large restoring moment is generated when one side of the planing bottom {is
immersed further than the other. Some deep-vee types exhibited poor roll
stability in inftial trials but it was found that this could be remedied
very simply and effectively by fitting longitudinal spray strips on the
planing bottom. During turning maneuvers the V shape of mwost planing
bottoms provides a favorable rolling moment as the craft sideslips, so that
the (raft will roll inwards in a turn. Occasionally, in Jeep-vee types
coupled roll and pitch instability can occur if the ftorefoct digs in during
a turn and causes the craft to roll outbouard. The prototype Seaknife, for
example, which has a very deep forefcot, was dectrayed «bor {t capsized in
this way by "tripping' and rolling outhoard in a turn.

some rounded chine, round bilge or semi displacement oraft have been known

tv oxhibit a loss of roll stability with increased focward speed., In
partlcular, SUHRBIER, 7 MAR 78, reports on a series of model tests performed

for Vosper Throneycroft (UK) Limited from which the loss of metacentric

he-ight (GM) with forward speed and the effect of spray rails were investigated.
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SUHRBIER, 7 MAR 78 also mentions that the well-known feature of chine boats,
that they heel inwards when turning, is predominantly due to the action of
the rudder, but is very likely also enhanced by their chine form. The Vosper
Thorneycroft TENACITY with a rather beamy round-bilge form, heeled outwards

2 or 3° when turning at full rudder. TENACLITY had an extremely high value

of transverse GM, so this is perhaps not surprising. It is a fact, however,
that if one applies the accepted formula as given by Sarchin and Goldberg 62
for calculating angle of heel when turning to TENACITY, the calculated angle
is four times the measured angle at high speeds. This is mentioned by Suhrbier
only to illustrate how very wrong one can sometimes be in using, for small,
fast vessels, methods of calculation or criteria which are accepted for slower
and more normal craft. Naturally the criteria mentioned would apply at least
approximately to such ships when proceeding at normal cruising speeds and not
at extreme speeds. 1t is fortunate that the error is on the safe side, and
that conventional methods over-estimate the angle of heel when turning at

high speeds. At the moment the only design guidance that can be offered is
empirical, and it is a subject which clearly would repay some analytical

if not theoretical study.

(d) Directional Stability -

The directional stability of planing craft is usually very good in calm water.
The center of hydrodynamic lateral effort is well aft of the c.g. so that

the craft is statically stable in yaw and does not require the continuous
adjustments of the helm that are characteristic of displacement ships.

According to RINA MAY 78 fast patrol boats are however, at some risk from
broaching to in following waves from the effect of excessive bow immersion
which reduces directional stability of the hull and simultaneously the
effectiveness of the rudder. HEATHER MAR 78, in fact, shows the results
of model experiments which indicate risk in steep following seas where the
Froude number is greater than 0.23. See Figure 3-32.

RINA MAY 78, also states that course-keeping problems at high speeds may be
overcome by an increase in roll stiffness. Many semi-displacement craft
experience a reduction of roll stiffness at high speeds, particularly at
Froude numbers above 0.6. Dangerous situations can arise if helm is applied
in an attempt to correct yawing motion caused by heel; the rudder forces
produced may increase roll and thus aggravate the stability problem.
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FIGURE 3-32. MINIMUM SPEED LIMIT FOR ACCELERATION TO SPEED IN FOLLOWING SEAS
AND PROBABLE BROACHING-TO REGEMES FOR FAST PATROL CRAFT.(RINA MAY 78)
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(¢) Stability in a Scaway -

e same geometric characteristics that cause a planing cratt to have very
stable vharacteristics in calm water cause it to have a cough ride o waves.
As the crdft moves throeugh waves the area ot the plantng bottom fu contact
with the water changes rapidly and the planing torce chaonges in proportion.
The resulting accelerations and motions get rapidly more scevere as speed

and wave height increase and usually result in the operator reducing speed
until a more comfortable situation is obtained. This usually means that

the planing craft only encounters severe sea states in the displacement
condition. The planing craft i{n the displacement condition in a seaway has
svveral disadvantages compared with a displacement ship:

+ The large areas of superstructure often present may cause large rolling
moments due to windage and large angles of roll due to high roll inertia.

+ The shallow draft may interact with the waves to cause unusual variations
in waterplane area and hence metacentric height.

* The shallow draft may also result in directional instability in following
seas leading to broaching (as mentione¢ carlier).

+ The wide square transom and open cockpit areas may be prone to swamping
in following seas.

Only in very unusual circumstances, such as in ocean racing, wiil planing
speeds be maintained in rough water. Under these conditions very high
dccelerations are experienced and structural damage and crew injuries are
not uncommon.,




4. CRAFT HAZARD CLASSIFICATION

Because of the high-speed capability of dynamically supported craft, combined
with their generally higher responsiveness to control action, there exists,
for these craft, particular hazards to safe operation which are not generally
of concern to conventional displacement craft, Additionally, many of the
hazards which exist for displacement craft will also apply equally to
dynamically supported craft.

Table 4-1 presents a list of hazards which are considered applicable to
dynamically supported craft. (These are defined in more detail later.)

A hazard,in this case, is a situation of craft state and operating environment
which is known to have the potential of causing either property damage,
persvonnel injury or loss of life.

The probability of the simultaneous occurrence of all of these hazards is,

of course, very remote. At the same time, certain combination of hazards may
well occur simultaneously and may provide design conditions for some forms

of craft and conditions of operation.

CLEARY MAR 75, in his general discussion of Marine Stability Criteria, presents
a convenient classification in which the term FORM is used to classify the

type of craft; the term SERVICE is used to group the type of cargo and
variations in the planned or inadvertent loading to be expected of the craft

or to which the craft may be subjected and the term EXPOSURE is used to group
the sea or weather related forces that the craft is expected to encounter. In
addition, CLEARY MAR 75 suggests that each potential hazard should be examined
to clearly distinguish wanether the event is a surprise for which the crew may
not be prepared (in which case the craft must save itself) or whether the

event is one for which the crew is readily prepared. These classifications

are included in Table 4-1 and can be used to help determine the likelihood

of the combined application of certain hazards.

TABLE 4-1. LIST AND CLASSIFICATION OF POTENTIAL OPERATIONAL
HAZARDS FOR DYNAMICALLY SUPPORTED CRAFT.

OPERATIONAL HAZARDS TYPE AWSBE“!

1 Cargo-loading misalignment SERVICE Pors
2 Crowding of passengers to one side | SERVICE S

3 Inadvertent cargo shifting SERVICE S

4 Lifting heavy weights SERVICE P

5 Retracting folls SERVICE [ 4

6 Pree-gurface effect SERVICE P

7 Top-side icing EXPOSURE Por S
8 High-speed turns SERVICE Por§
9 Inadvertent control-force action SERVICE S
10 Severe wind strength EXPOSURE Por S
11 Severe sea state EXPOSURE Por S
12 Towing SERVICE p

P: Prepared for
S: Surprise
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In Table 4-2,

for example,

the

types of unstable behavior that have been

known to occur with dynamically supported cratt are listed. The list includes
an identification of the primary and sccondary modes of cratt motion involved
in each case and shows for which cratt type the mode ot fnstability applies.

TABLE 4-2.

CLASSIFICATION OF CRAFT TYPES AND TYPES OF INSTABILITY.
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The extent to which each class of craft is susceptible to a common hazard
would, of course, be dependent on many detail design variables as discussed
in Chapter 5. The degree of importance associated with each type of
instability is indicated (to some extent) by the far right~hand column of
Table 4-2. This shows where the type of instability can be regarded as
undesirable but generally safe, where personnel injury and/or property (i.e.
craft) damage can occur,and where loss of life is potentially at stake.

It should be appreciated that some forms of unstable craft behavior can lead

to other, perhaps more critical, (less safe) behavior. A classical example ‘

for ACVs or SES is the "so-called" pitch-click instability, listed in line

item C of Tuble 4-2 which results from a lack of pitch static stability for ’

small pitch excursions about nominal trim. This type of behavior although

not exhibited by all ACVs or SES is not particularly uncommon and although

undesirable from a performance standpoint, 1s fairly benign. If excessive,

however, (perhaps due to the existance of other disturbing forces) an

exaggerated state of leading-skirt tuck under can occur leading to excessive

pitch down and eventual plow-in causing hard structure contact with the water

(as listed on line item A of Table 4-2). Plow-in,itself, is also not a

particularly uncommon or necessarily dangerous situation for an ACV or SES

in the hands of an experienced operating crew. I1f, however, it occurs at

4 very high speed, (where, incidentally, it is most likely to occur) and, for

some reason, no action is taken by the crew to minimize its severity, the

» process of plow-in has the potential of subjecting the craft to very high

rates of deceleration and uncontrolled yaw, which in turn can eventually L

o result in high-speed,sideways (beam-on) motion, side-skirt tuck under, v
hull tripping and a capsize in roll (line item H of Table 4-2). Such events

have occurred on several occasions. i

Note that the possibility of pitch-click behavior, line item C for an ACV or
SES, can be accentuated (although not often) by hazard items 1, 3 and 6 from
Table 4-1. In turn, plow-in can be accentuated by hazard items 1, 3, 7 and 9
of Table 4-1 and tripping, leading to capsize in roll, can be accentauted by
hazard items 1, 2, 3 and 6 through 11. Thus, the only hazard items which

are excluded from affecting this scenario are items 4, 5 and 12 which occur
only in the displacement mode of operation. This, of course, is a rather
oversimplified analysis. It does, however, provide a starting point for
assessing the possible combination of the various operational hazards. .

S

Note also that capsizing in roll, for an SES or ACV need not result only L
as a consequence of severe plow-in. Operation in severe beam seas and winds i
have also been known to cause capsize.

In the following subchapters the various hazards and modes of instability

to which dynamically supported craft can be subjected are defined. Included

is an identification of those hazards which can reasonably be combined for the
purpose of developing stability standards for each possible mode of instability.

4.1 CRAFT HAZARD DEFINITION AND COMBINATION

An identification of the hazards which have a reasonable probability of occurring
simultaneously {s given in Table 4-3. An explanation of each hazard and the
rationale for their combination in certain cases is discussed below:
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(1) Cargo lLouading Misalignments

Cargo elements with inprecisely known weights can be loaded in such a way that
very significant departures from normal craft C.G. location can be caused. A 5
gross misalignment of craft C.G. will, however, assuredly become apparent to :
the crew (of a dynamically supported craft) soon after (if not before) underway

operations commence. The crew would then presumably realign the cargo (which

may involve returning to base) or they would rontinue with extrewme care

not to subject the craft to the most severe adverse control force actions,

high-speed turns or operation in the most severe sea states for which the

craft is designed.
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It is further assumed that a cargo misalignment hazard applies to cargo carry-
ing cratt only. If a cargo carrying craft also carries passengers it is
assumed that the crew would be aware of the misalignment and all passengers
would then be instructed to remain in their seats and to wear seat belts
during underway operations. Similarly, the inadvertent shifting of cargo
which could otherwise result from craft rapid deceleration due to sudden %
control force actions or operation in the most severe sea conditions is also i
considered unlikely. Note that the term "most severe' is used aboveto imply
4 the maximum conditions which the craft is designed to encounter. This
includes the maximum sea state~speed envelope and maximum control forces and "
moments available. Although the effect of high-speed turns, inadvertent

control-force action and severe sea states are shown as being excluded from

combining with cargo loading misalignment in Table 4-3, some less severe

combination of these hazards would appear to be necessary. (No attempt is

made here to establish such a combination since this would be the subject

of the subsequent Phase II of the Program.)

lt is considered important, however, to include the most severe wind speeds
2 in combination with cargo loading misalignment. High wind squalls can occur
[ very suddenly and in many instances without warning, as compared to the
time required for sea conditions to change appreciably. Five items, therefore,
‘ remain for combination with cargo loading misalignment (as shown in Table
4-3),two of which apply only in the displacement mode of operation and one of
which applies only to very cold weather service.

4 (2) Crowding of Passengers to One Side L

p - The heeling moment due to passengers crowding to one side of a craft can be
estimated with respect to the space and deck plan of the craft. Such an
event Is not expected to occur in the most severe sea state, during the most
severe high-speed turn nor in combination with severe cargo shifting.

It can however occur both in the dynamically supported and displacement modes
of operation.

(3) Inadvertent Cargo Shifting 6

Ty .

Most often,cargo will be tied down when the craft is underway, particularly
if heavy seas are expected. In the most severe seas for which the craft is
designed, cargo may, however, shift and cause a large destabilizing moment.

(4) Lifting Heavy Weights

l.oading and unloading cargo at sea would be confined to displacement mode

operation and would most likely be performed in connection with offshore crew !
{ and supply-boat service., Operation with inadvertent off-set load conditions

' combined with beam seas and strong wind gusts would require consideration.

(5) Retracting Folls

3 This would apply only to hydrofoil craft in the displacement mode. The effect
of changing C.G. height and craft windage conditions due to raising the foil
H system would be considered in combination with items shown in Table 4-3.

o o i il R
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(L) Free-surface Eftects

Ihe reduction of stability due to the free-surface eftect of fuel and in
particular the free-surface of entrapped water on deck or within cargo
spaces due to rough-water operation can be a significant hazard for some
craft types.

(7)  Top-Side Icing

- .

Superstructure icing during extreme cold-weather service, can cause a )
- . . . 1

significant change in C.G. location particularly if icing is assymetric, 3

The ACV and SES could be particularly prone to assymetric icing conditions 3

due to cushion-generated spray in beam winds.

(8) High-Speed Turns

During collisiomravoidance mancuvers at high forward speeds, large side-slip 4

angles can be expected in combination with large control-force actions. This,

combined with other possible hazards shown in Table 4-3, can subject a

craft to a significant destabilizing condition in roll. '

(9) Inadvertent Control-Forcee Action

Although it is usually expected that the use of the craft controls is such
as to minimize potential hazards,most accidents with dynamically supported
craft have occurred as a result of inappropriate control action. Because

of the high speeds and/or high thrust levels available, dynamically supported
craft generally exhibit a very large control-force-to-gross~weight ratio
relative to conventional ships. Thus, the consideration of
destabilizing forces and moments trom inappropriate action of the controls
should take a higher priority for dynamically supported craft than is
normally the case with conventional craft.

(10) Severe Wind Strength
High steady or gusting winds can be a sigonificant hazard pa-ticularly with

craft having tifgh frecboard (or extensive superstructures) which tends to
be the case for most dynamically supperted craft,at least when in the non-

displacement mode. Beam winds,combined with rolling in severe beam seas
and when combined with the other possible hazards shown in Table 4-3, are of
particular concern. Combined quartering winds and severe wave action can

also be of concern.
(11 Severe Sea State

Apart from the natural concern of capsizing in combined severe beam seas and
wind, cratt operation at the extremes of the design sva state-speed envelope
can, tor hipgh-,peed cratt, result in relatively hazardous bottom slamming.
Although it would be expected that the crew wouald reduce speed to minimize
severe slamming it is possible that the random nature of encountered waves
could take thee crey hv aurprise, and result in struactoeral damage or injury
tu per<onnel on hoard.
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4 (12) Towing

The recovery of a disabled craft in adverse weather may involve towing. Other .

than in the case, perhaps,of an ACV this would be accomplished with the craft 4

in the displacement mode. With severe wave action and winds, the management i

x of tow lines would be severely hampered and could result in the application -
of significant destabilizing moments particularly if the assisting craft or ;
ship is much larger than the disabled craft.

4.2 TYPES OF INSTABILITY

Table 4-2 provides a list of known types of instability which have been
exhibited by dynamically supported craft. Some apply to only one type of

craft; others apply to all types. As was noted in the previous subchapter,

only certain types of instability can be regarded as serious, that 1is,

having the potential of directly causing personnel injury, property damage

or loss of 1ife. It is these types of instability which are briefly defined
below* along with the service imposed operating hazards which are known to

have an influence on their initiation. A comparison of the critical instability
types and corresponding service hazards is given in Table 4-4,

4.2.1 Plow-In, Type A ’1

Plow-in is an unstable pitch-down event which can (and has) occurred for

both SES and ACVs. It occurs when the bow skirt of an ACV or bow seal of

an SES becomes excessively immersed because of some out-of trim moment causing
a large (e.g.-3°) bow down attitude. Plow-in occurs when the increased
hydrodynamic drag which results from the additional s=kirt contact is
sufficient to cause a state of excessive skirt tuck-under, which in turn
results in a loss in pitch-up restoring moment and further pitch-down motion. 1
Eventually, hard-structure contact with the water can occur if no corrective i
action is taken by the crew. This can then lead to a high rate of craft

deceleration and, 1f the design is such that directional control cannot be

maintained, high sideslip angles can result and the craft can become in danger {
of running broadside-on and eventually overturning in roll.

Plow-in events have normally corresponded to operation at high speed,with forward

craft C.G. locations and have been most likely to occur at reduced cushion air- Y
flow rate. The on-set of such events have been typically characterized by what o
the craft operators have referred to as a skirt nibbling (deceleration) sensation _
F (i.e. some forewarning has usually been present). Resultant craft decelerations |
' and bow down motions have been typically of the order of -0.05g and -3 degrees,

‘ respectively. Usually, for an ACV, normal pitch trim is recovered following ;
' a reduction in air~propeller thrust. »

* More indepth discussions of instability types can be found in Appendix A
"State of the Art Review of Craft Stability' of Volume I - Master Report,
! prepared in support of the Barkground Study for this program.

by

71 \

s e aeaatEE

A e e L aabict e b o ande ok [T T PPNy T Y| L [N OV T W |




L e TP,
—

at

N

Tew

3
B A

BRSO

1
A
tq
T — =
—
o ] T _ _ = o 21 T
) { : : H 5] [e] - - Ty i
= . Po o | mw < g T ontoL | 4§t !
- > o | lo i i RIS = et e *OR ;x#; i
= 3 “u“W_W‘N { | - Dm& 2 il P i 133 1T
S = L 2P Z21E - | - 3 =R e —— xmﬁu_u P
e RN EIRE - R R ALVIS VS autr
= oS a3t ! ! . 1 — ' — - 1 1
= [ | i \ : ——— ] -y | o _fan: dhy |
2 , W = ; & .M.1+ 4\.7| i m -~ [ L Jpl -l‘l.l).zmﬁ.o aQuIs 2,._:;.7»\! b
Z = Tt — | } j 1. : ! - —_— T HLD SO I i
= W } ol .l\T.l*\ ﬁ > -3 2 ————— [ALYIAAYNT | S ] i
2z A e e M o110y TOH04-TORLINOD LN — - !
. T S |-t ; ' | AR S NOTLOV 3D¥04- — ‘le]\.._: §104 | 8 m i
= H_L,Al\- m > A T L waasen bebd 2
- u .H - ! ! MLv’\Y]ﬂ . - - _vlllxnislu\» Sl - rha&w C W ~
== e [~ - - { © T o auise Acf_x b
R e e e | e i ~
-z i . L i T i u Y .1 - = 4aud! 4 a.._ 2 ~
= . .~ it i S N A SRS S S N S FIVARIST Rk e =
— = -1 ﬁ | X e S ! w, fet— $10%443 R ,\|m i ¢ =
- P e - | H JUNOY IS ! I, - . H
%3 2 Sl e B i | Pt T T s1104 thifx 1 v
== TS Lo s T bt b ——— oI q
T b ; S v mi | i i s ! - I
. 500 A ' . R B i s ——— AVAH ONI
== =il Ty Co s o P J_r e *SIHDTEM AAVE o 4‘
— ! (IR ' ——o - —_—r - —— - 1
= = Sl T - + w ._ N ,.I)tzm 098D LNILNIAVN H L.,\L |
== T Lo ! et ONLLATHS cvd doontmous | e 1 1
=z = Coy T ¥ _~ . _ S N0 OL SHIDNASSVA 40 I —_— |
== - -k (R H QRS SRR I 1 !
73 ; V Lo i S N P 1S 38O — - et
=z 7 = ﬂll_*llw!j»k_wl_ - 4- — . Ty e x.ﬁﬂcxu INTIVOT- ODEVT [ i1
— PO Poe _— - . TG S e — e
=z N I . e N —t LNARNDTIVS T -
r2y — T 1 . i — I
Sooomrnlioig : : M A
= | | | S S [ - —
o Lo ny | 'lL\r - - ——t — | = w
3= e ! . 1 - : . g
22 CT ,ﬂ . # = i E3 B U J Z £
~ Voot et I T %)
[l W + -4 Hv 1 — n = (S
= _ S e - { - e zn z
. ' [“ hwwl_ g\ 2 m 3 o - Wm
5B i e ! o zZi5 = | a g a3
< = = : i ! ) = = R a w o . =
=322 A Do ; o ul = = S % 2 2= ~
-z . o 2 zx % z |5 A 2w &
SEN I s D g1”23 o, =2 R 2 %8
=32 w LziE Ay mmw 23 =5, uio 2582z
b ol P ) So0oa -~ - = : a .-
2 - x.\,m“,n:._" mw. [ 20513 513 o= e
. S 1 ozilz FINNEE ol Rl Al 1 )
- l_nm.,wnﬁ.w*mm., vu.__ 1...1‘,!,0.\ M.ﬁ > <
—_ ~ -—
- 1HE 8 LT
=3 - - 1 s
o .Pfl.r* ' alwi “ e m _ 1
— Wd - m BW ! ¥
z R




33 2 AR UM v v v, oo, 02! e ORI i S, A I R | £ i e e I e i 55 A 2 T "

1
In reterence to Table 4-4 Q0 is known, or ecxpected, that plow-In can be
foitiated or can be aggravated by several scrvice hazards: -
. Cargo loading misalignment
3. lInadvertent cargo shift
7. Top-side icing
9. Inadvertent Control Action
11. Severe sea state*
Note that the term plow-in was coined exclusively to describe an ACV or SES
phenomena. In more convential terms the word "rooting" has been used to
describe an event when any craft buries its bow which, if it occurs, is
usually when running in following seas and the craft or ship attempts to
negotiate a wave crest following a pitch-down motion caused by a previous
wave. (It is the counterpart of pooping when a wave is taken over the stern.)
Thus, the ACV/SES term "Plow-in", could be more loosely used to encompass
. a rooting event for other dynamically supported craft and which would also

be influeunced by the service hazards 1, 3, 6, 9 and 11 (Table 4-4) defined
above. See also the possible consequence of planing-craft porpoising discussed
below.

4.2.2 Porpoising, Type B

Porpoising is defined as the oscillatory motion of a planing craft in combined
pitch and heave. It occurs with craft planing at high speed in smooth
water, and if severe enough, can result in craft structural damage, or peisonnel
injury. It may also result in diving (tripping over the bow) when the low trim
. angles, reached in the lower part of the porpoising cycle causes the bow to
¥ dig in. (SAVITSKY OCT 64). This type of instability is known to have been
responsible for many serious boating accidents. According to DU CANE 72,
single or multi-stepped hull forms are particularly prone to porpoising.
Equally so are the stepless or so-called hard-chine boats if driven at suffi-
cient speed. Service hazards which can aggravate or initiate porpoising include
those previously identified for plow-in with the exception of severe sea states.
It is expected also to be aggravated, in some instances, by unstable tendencies
induced form free-surface effects. (See Table 4-4).%%*

4.2.3 Aero Pitch-Up, Type D

Particularly serious accidents have occurred with light displacement, very high-

- speed craft when, as a result of some pitch-up disturbance sufficient aero-

dynamic 1ift (or bow-up moment) is generated to cause the craft to become airborre

. and then either to flip over or to slam back onto the water surface. Such an

t' event can be initiated at very high speeds either as a result of porpoising,
encountering a wake, when operating in waves, when encountering a sudden

* Many plow-in events have occurred in calm water.
i **See DU CANE 72 page 389 for discussion of types of testing necessary to
' determine propoising and Aero Pitch-Up boundaries.

gusting headwind, or it can occur as a result of inappropriate pitch trim control**
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AMithougeh o redat ovely ancommon event, hiph vpecd cealt base Beon o nowin to
capsise g purels piteh-down Cie piteli-over) morion rosalting from burying
the bow s corviee hacards Dikely to aid i inftiating svch dn event include

ftems L 30 9 and 1L shown in Table 4-4.
4l Broaching oy, Type F

Pt e g cvent din which a craft is suddenly and wintentionally thrown.
Srovauscd to tutn, broadside to ity original direction of motion. 7This can
Lot frow wave (Ur surt) action or inadvertent control-force action and

can beoaggravatad by other service hazards listed in lable 4-4. [t results
trom g ostdate vi o momentary loss in direcrional stability which is not, or
cannot, be counteracted by available directional-controel torvces. Broaching-
te b omont Jikely to occur in severe following seas, wheo the craft runs
Jown he tace of one wave and burys its bow into the next wave. The craft
cpeed will ihen be reduced and an overtaking wave will lift the stern high,
to bury the bow more and to cause the stern to "break-away' and overtake

Loy bow which in tura can cause a dangerous heel outwards Jdue to the crafe
tutning round oo the down slope of the wave., Many serious ac tdents have

H i

oceurted Lol CANE G2) with high speed coalt as a resall or ihiz type of

tastability.,
wedob Trippiog and/or Roll Uapsize, lype Il

Most capsiezing events for dynamically supported craft have occurred with

the crait capsizing in roll. This has most often resulted from either
operdation in severe beam winds and waves, hull tripping due to high sideslip
eperation or as a vesult of (or in combination with) the action of excessive
and inappropriate control actjon. Such events can result from a chain of
events initidated by some other form ol instability as already discussed
above. Roli capsize has been known to occur in both displacement and non-
displacement modes of operation and can be aggravated or roitiated by all
the service hazards listed on lable 4-4. 1t is anticipated, however, that
nat all the sorvvice hacsards Listed in Table 4-4 would appis siwdtanecusly

1t thele wol severe (etf-design) condition

Aud] o Foil Brvaching, lype K

"his generall s applies only to hydrofoil craft although some types of SES may

employ foils upon which stability is to some extent dependent. Broaching is the
aadition v occurs when the [fofl Lreaks the warer surface and loses lift, It

mast ol ten TS in severe sea states but ocan also occour with inadvertent
control-ltorce action oy as a result of a severely tight maneuver. Other factors

etlecting broach are indicated in Table 4-4.

In severe seas a hydrofoil craft may alternately plow through the wave crest and
broach the fouils in the wave troughs, either of which constitutes a loss of
heave and picen stabilitv (and/or roll stabilityv if the broaching is assymetric).
Wave cresting produacs s impact loads on the hull, for which it must be designed,
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but otherwise oniy discomtort for crew and passengers. Broaching generally
occurs only with the forward foil(s) and results in an immediate, almost
complete loss of litt. The bow falls and the foil reenters the water. Full
lift is not regained immediately, because the reentering foil remains venti-
licted to the atmosphere for some time, and the hull almost invariably slams
into the next wave. Foilborne operation is usually regained after the next
wave passes but, with increasing sea severity, a point is reached where the
loss of speed due to post-broach slamming is too great and flight must be
abandoned. This constitutes, of course, an overpowering instability in surge.

The scenario described above is typical of submerged-foil craft with a canard
foil planform. Hydrofoils with an airplane configuration almost invariably
encounter asymmetrical broaching with the result that a rolling moment is
induced. Considerable roll may develop before lift is recovered on the
broached foil and may persist until the hull slams in.

We do not know the extent to which forward-foil broaching is encountered on
ships with surface-piercing foils. Since the bow has a greater tendency

to lift in response to an approaching wave crest than that of a fully submerged
foil craft, there could be a greater tendency to broaching. On the other hand,
since speed would normally be lower in heavy seas, the foil may be submerged
deeply enough to obviate the problem.

4.2.8 Bottom Slamming, Type L

The probability of (and severity of) bottom slamming will increase, with all
dynamically supported craft, as forward speed and the height of encountered
waves 1s increased. Bottom slamming is usually of greatest concern to the
structural designer, and emphasis in recent years has been in the application
of extreme value statistics to the assessment of ultimate design pressures and
loads. Although the crew of a craft will undoubtedly reduce speed when
slamming becomes uncomfortable, unexpected severe hottom impacts have been
known to occur because of the random nature of the sea, and these have, in
the past, caused injury and craft damage. Service hazards which increase

the probability of casuwality from bottom slamming are indicated in Figure 4-4,

4.2.9 Heave Limit Cycle, Type M

This unique SES and ACV unstable behavior,caused by the interaction of the

air supply characteristic and the rate of change of cushion air leakage

from the cushion, has been observed on a number of craft. Although high
c:cillatory peak heave accelerations of limited amplitude (of up to 1lg on the

5ES 100A) have heen recorded on occasions it is perhaps the least dangerous

type of instability for ACVs and SES discussed in this chapter. For an

ACV,this unstable heave motion is accentuated (and complicated) by a corresponding
vertical vibratlon of the flexible skirt. For an SES,it occurs in near calm water
when running at high speed, near minimum sidehull immersion and at the optimum
trim for minimum drag. For an amphibious ACV it occurs most readily when

hovering over smooth level land. In all cases it is most likely to occur when

the rate of change of cushion-air leakage with heave motion is maximized by
operating close to level trim over smooth land or water. It can be stopped

in operation by reducing cushion flow rate or operating in an out-of-trim
condition. It is minimized (and in most cases prevented) in the design stage

by the correct choice of fan characteristics and by including constraints

within the skirt system to minimize the participation of skirt vibration,

rommonly referred to as skirt bounce. It is not aggravated by any of the

-« rvice hazards listed in Table 4-4.
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4000100 Loss of Dynamice Litt, Types N and 0O

This is a problem for hydrofoil craft and is a circumstance leading to surge

instability involving foilborne operation in following seas which are typically

being overtaken, Climbing the back of the wave, with the water running away

trom the craft, can so far reduce the relative flow velocity over the foils {
that tnsutfficient litt is obtainable and the ship settles onto her hull.

This {s more of a problem for surface piercing foil ships than for submerged
tofls with 1ift control, because compensation for the loss of flow velocity
cannot be obtained. In any event it is not considered to present any serious
hazard and is effected by only the severe sea state service hazard as shown
in Table 4-4. 1Tt is the least serious type of instability for hydrofoil
craft discussed in this chapter although,if excessive,its existence may lead
ta the more serious types craft behavior discussed previously.
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5. CRAFT CLASSIFICATION

The classification of craft types for each major category is presented in

this chapter to provide visibility on the variety of hull shapes, control

techniques, propulsion methods and lift systems that will be considered for

unitform application of stability standards. f

5.1 CLASSIFICATION OF AIR-CUSHION VEHICLES

Air-cushion vehicles ave distinguished from surface-effect ships by the
absence of side hulls. The classification recognizes differences in skirt
design, hull shape, appendages, and propulsion system.

(1) Skirt Design
1.1 Loop segment é
1.2 Bag finger with stability trunks ';
1.3 Multicell i
1.4 Pericell

(2) Hull Shape
2.1 Planing bottom deadrise

2.2 Open bottom bag feed ducts i

(3)  Appendages '
3.1 Airfoil directional stabilizers k

3.2 Aerodynamic rudders

3.3 Aerodynamic pitch stabilizers

3.4 Hydrodynamic maneuvering control rods

(4) Propulsion Systems

4.1 Fixed airscrews (open and shrouded)
4,2 Steerable airscrews
Air jets

4.4 Marine screws

5.2 CLASSIFICATION OF SURFACE EFFECT SHIPS

SES have been classified according to:
Hull (hard-structure) shape

Seal type and configuration

Appendages

Propulsion System
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(1)

(3)

(4)

5.

(1)

(2)

Hull Shape

1.1 High-deadrise side hull (very little planing lift contribution)

1.2 Low-deadrise side hull (substantial planing lift contribution)

1.3 Full-length side hull
1.4 Partial-length side hull

Seal Type and Configuration

1.1 Wrap-around type bow seal

1.2 7Two~dimensional bow seal
3 Bag and finger seal

1.4 Planer seal

Appendages

1.1 Skegs

1.2 Rudders

1.3 Turning Skegs

1.4 Bow stabilizers (fixed or movable)

Propulsion System

1.1 Water jJets
1.2 Water propellers
1.3 Air propellers

CLASSIFICATION OF HYDROFOILS

Planform

1.1 Longitudinal area distribution
a. Conventional (airplane)
b. Tandem
c. Canard

1.2 Transverse area distribution
a. Split

b. Non-split (continuous)

Foil Submergence

2.1 Surface Piercing

a, V-foils
b. V ladder
¢, Ladder

2.2 Fully submerged
2.3 Hybrid
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(3)  Foil Flow Regime

3.1 Fully wetted (sub-cavitating)

1.2 Supercavitating or superventilated
(4)  Stability Mechanism

- 4.1 sSurface effect

4.2 Area variation (surface piercing)

4,3 Movable control surfaces

4.4 Hybrid

(5) Control System

5.1 Sensing ;
a. Mechanical
b. Electro-Mechanical

¢. Other

" Al et s LI

5.2 Signal processing
5.3 Actuation
:. a. Mechanical
b. Pneumatic

c. Electro-Hydraulic

| (6) propulsion System

6.1 Water jet

;
|
!

X

6.2 Water propellers

Z drive

5o e

V drive

5.4 CLASSIFICATION OF PLANING CRAFT

Planing craft have been classified according to:
Hull shape
Static appendages (but may be adjustable)
Control appendages
Propulsion

J (1)  Hull Shape

1.1 Hard chine

1.2 Deep vee

1.3 Inverted V

1.4 Flat bottom

1.5 Round bottom

1.6 Stepped + dynaplane
1.7 Multihull
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(2)

(3

(%)

Static Appuendages

9y

<

.1

B
-l

[ N [

.3
4

.5

Transom Flaps

spray Rails
Sponsons
Skegs

Bilge Keels

Control Appendages

3.

1

Rudders

3.2 Water-Jet Deflectors

3.3 Outboard Engine Skegs
Propulsion

4.1 Outboard Engine

4.2 Inboard-Outboard Engine
4.3 Inboard engine

4.4 Water jets

4.5 Screw propeller

4.6 Multiple units of above

80
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b. STABLLLTY STANDARD CLASSIFICATION

Chapter 3 ot this report, reviewed the various stability criteria upon which
standards have been based for regulating or for judging the safety of both
displacement and non-displacement craft. It was noted that, so far, no
widely accepted stability standards had been developed for advanced marine
craft operating in the dynamically supported mode. In fact, there even
existed very little specific guidance for the safe design of such craft
except perhaps in the case of the fully-submerged hydrofoil craft. It
appeared, however that,although diverse in application,the various approaches
which had been developed could fall within one of six possible general
categories. In this present chapter these basic six general approaches to
the formulation of stability standards are identified and then classified
according to their applicability to each class of dynamically supported craft
considered in the study.

6.1 CATEGORIES OF APPROACH TO STANDARD FORMULATION

Six basic categorivs of approach to the formulation of stability standards
have been identified. They are defined as follows:

(1) Minimum Initial Stiffness Limits -

* Metacentric Height for Pitch & Roll
« C.P. Shift per degree for Pitch & Roll

(2) Minimum Restoring Force & Moment Limits -

Minimum acceptable restoring force & moment (or moment arm) and corres-
ponding translational or angular displacement limits.

(3) Static and Dynamic Stability Righting-Arm Curves -

Comparison of righting-arm and destabilizing-arm curves with limits
placed on selected area ratios including the work done to resist capsize.

(4a) Elementary Dynamic Simulation -
Limits placed on extent of rigid-body angular rotation and translation
displacement and on rates of rotation and displacement as observed from
a reduced degree-of -freedom mathematical representation of craft subjected

to specified hazards.

(4b) 6- Degree-0Of~Freedom (DOF) Rigid-Body Simulation -

Limits set as in 4aabove but with motions determined form a complete,
nonlinear, time-domain simulation of craft rigid$body motion in 6-DOF.

(5) Model Tests -

Limits set as in 4a bove but with motions determined fromsub-scale model
tests of complete craft.,

(6) Full-Scale Test . Trials -

Limits set as in 4a above but with motions determined from full-scale tests.
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Minimum Acceptable _ln_i}jg_l_ Stiltoess

This is detined as the rate ot change ot roll or pitch restoring moment with
respect to a change in ship angle of heel or trim.
ture terms it 1s determined by the transverse or longitudinal metacentric height
(GM) as calculated or measured in calm water for a small (+ 2° or so) change

in heel or trim about the still-water equilbrium condition.

In classical naval architec-

For displacement

ships winimum acceptable values of GM are usually quoted in conjunction with
a statement defining the minimum acceptable freeboard,

For SES or ACVs, in the non-displacement mode, recommended minimum acceptable
levels of initial stiffness are usually quoted in terms of the percentage
shift in the center of cushion pressure per degree change in pitch or roll.
Sce chapter 3.4.1 for definition and relationship to GM.

Acteptable stiffness values have historically been assessed from practical

full-scale operational experience.
based on the statistical analysis of casualty

For displacement craft, values have been
records ; see

Figure 6-1 for
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example.  For dynamically supported craft very little such background is
available. [t is known, however, that for most high-speed craft the longi-
tudinal and transverse stiftness can vary considerably with change in forward
speed. The stiffness of most hydrofoil and planing craft will generally
itnerease with increase in forward speed, although for some round-bilged
planing c¢ratt the opposite is true.  For the ACV and SES a reduction in
stilfness is normally experfenced with increased speed, particularly in the
case of longitudinal stiffness in the bow-down condition. Any standard which
includes a requirement for minimum acceptable stiffness must therefore clearly
specify the conditions under which it applies.

6.1.2 Minimum Acceptable Restoring Moments

The concept of specifying a minimum acceptable restoring moment (or righting
arm) for inclinations in pitch and roll in conjunction with a mimimum corres-
ponding inclination angle (¢) at which this occurs has been incorporated

in several stability standards for displacement ships, (see Chapter 3.1 and
Figure 6-2). The minimum acceptable restoring moment (or righting arm) is
usually assessed to be a specified percentage greater than the sum of a
certaln combination of destabilizing moments (see Chapter 4.1).

b -

T T
RIGHTING ARM
RIGHTING

AR ‘: - N

MAX .RIGHTING ARM
__-__-._____74 - — - \

¢ T —
DESTABILIZING ARM !
!
-20 JO 40 50 60 70 80
| ) | L l 1 | 1

ANGLE OF INCLINATION, DEGREES

FIGURE 6-2. ILLUSTRATION OF MAX RIGHTING ARM AND CORRESPONDING INCLINATION
ANGLE.

This assessment of adequate stability is usually made relatively simple by
considering only calm-water conditions. However, BOEING MAR 77 have extended
this approach for fully-submerged hydrofoil craft by including the destabi-
lizing moment induced by a number of so called '"design" beam-sea conditionms.
(see Chapter 3.2.2E). From this they are able to assess the level of roll-
control authority required of the foil ailerons (and the rudder, if roll-to-
steer control is provided). Figures 3-5 and 3-6 illustrate two typical
"dosign" cases and Figure 3-7 Is an example result of a calculation for a
hypothetfical craft., A similar concept could be applied to an SES. For an
ACV, both beam-sea and beam-on (90° sideslip) motion in calm water could be
considered as sufficiently realistic conditions for the application of this
approach.
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ool Restoring-Moment Curve Shape and roncrgy Balanco

Ilhis approach provides a closer control of the pormissible shape and anagni-
tude of the restoring-moment or righting—arm curve, It provides for a
compartson ot rightiog-arm and destabilizing-arm curves with limity placed
on scelected area ratios including the work done to resist a capslze. 1t is
thiv pyeneral approdach which has been adopted by IMCO for Jdisplacement ships
Coee Chapter 3.1) and which originated with the classical work by Moseley
=0 and later by Rahola 1939, The basic concept is illustrated in Figure
-3, Here, the area Ap represents the energy imparted to the craft (less
viorgy absorbed by roll damping) as a result of rolling from rest at

anple €. Mhis energy will exist as kinetic energy when the craft rolls
through angle D and will carry the craft to some angle E such that the area
between the curves and between D and E is equivalent to the kinetic energy
at angle D less the energy absorbed by the water in rolling from D to E.

I't there is insufficient area between the curves and between D and F (ie Area Al)

to absorb this kinetic energy the craft will tend to roll past angle F and
capsize.  Thus, to ensure against capsizing the approach suggests that the
Arva A) must be greater, by some margin, than the area Aj.

The angle €, which defines A2, is usually selected to be in the range 15 to 20°
or is obtained trom the maximum rolling angles observed in model or
ftult=cale beam sea tests.

A s S
l I _ RIGHTING ARM
RIGHT NG + .
ARM b ! ’ 1
IL,_,_,__ 4 - - -
C D
N\
\\‘2\\\ DESTABILIZING ARbri
-0 JO 40
. " 1 J _Vﬂl_
D> - ANGLE OF INCLINATION, DEGREES

FIGURE 6-3. ILLUSTRATION OF THE CONCEPT OF ENERGY AREA RATIOS.

6.1.4 Dynamic Simulation

This approach establishes limits on the extent of rigid-body angular rotation
and translational displacement and on rates of rotation and displacement as
deduced trom a complete or reduced (ie. five-or less) degree-of-freedom
mathematical representation of craft motion in response to specified hazards.
Much research along these lines is currently being undertaken for displacement
ships. See KUO and ODABASI MAR 75, ODABASI 76, and BOVET 73 for examples.

Because ot the very non-linear behavior at the large angular displacements
approaching capsize,(particularly for high-speed craft), restoring-force and
moment characteristics invariably defy analytical treatment. The analyst

is therefore usually required to resort to the use of experimental model data
with the attendant problem of establishing realistic full scale representation
(see Subchapter 6.1.6).
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The motion of a ship, hence {ts stability, depends on hydrodynamic and aero-

dynamic forces and moments imposed on the ship as a result of its motion and

of the deflection of control surfaces and ol other control devices such as

thrusters. In addition the velocity ot the wind and the motion ot waves on

the sea surtace influence the system of forces to which the ship is subjected. 13
. Analysis of the ship's motion must ideally recognize the six degrees of freedom

of the hull as a rigid body in space. Additional degrees of freedom are ‘

introduced by the control deflections and also by control command devices

(steering wheel, roll-control lever, etc.) and perhaps by other intermediate

variables within an automatic, servo-control system. In general a description 3

of the total dynamical system requires as many equations as there are degrees

of freedom. Some may be as simple as

o

i z = ax + by

where a and b are constants to be adjusted to optimize some particular measure f
of performance. Others will be more complex.

The simplest form of the equations of motion is obtained with body axes
coincident with the principal axes of inertia, and the origin at the center of
mass CG. (See Figure €-4) For this case the equations are

X = m{d + qw - rv]

Y = m(vV ru - pw]

+
+

Z = m(w + pv - qu]
+
+
+

: K = Iup + (I, - Iy)qr

; M= Iyd (I - Iz)rp
where the symbols are illustrated and defined in Figures 6-~4 and 6~5, The

3 first three equations are simply the representation in body axes of the i 4
fundamental Newtonian equation, ¥ = ma where F is the force, m is the mass .

2 and a the acceleration of a body. The expressions within brackets on the right .
hand sides are the components of the acceleration of the body in the body axis f

directions,

The last three, known as Euler's equations, express the moments about the x, v :

and z body axes. The expressions on the right hand side are complete only if
3 the body axes are principal axes of inertia. For most ships no serious error
4 results if the x axis is chosen parallel to the designer's baseline, y normal
to the central plane of symmetry and z normal to x and vy.
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FIGURE 6-4. DEFINITION OF AXIS SYSTEM. ‘
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x-axis

Drag,

Cross Force, C

A Y
y-8xis

r

z-axis

] V -- velocity of origin of body axes
relative to fluid
u,v,¥ -~ components of V in body axes

t P:q,F -— componen® in the the body axes of the
angular velocity of the vehicle

a ~-The angle of attack: the angle to the
longitudinal body axis from the projection into

‘ the principal piane of symmetry of the velocity
of the origin of the body axes relative to the
fluid, positive in the positive sense of

- rotation about the y-axis.

8 —The drift or sideslip angle; the angle to the
principal plane of symmetry from the velocity
of the origin of the body axes relative to

3 the fluild, positive in the positive sense of

K rotation about the z-axis.

b D_--drag, oppositc to V along line of V

j L --1ift, in x-z plane normal to V, positive upward

i C -- cross force, normal to V and L, positive to

M starboard.

FIGURE 6-5. VELOCITY AND FORCE RELATIONSHIPS.

This definition of the 1ift, L, 1s consistent with the conventions followed
in aircraft and submarine stability and control literature. The term lift
is much used, however, in a looser sense to mean:

« A force in the z body axis direction
+ A vertical force

+ A force normal to a wing or foil

« A force normal to a rudder or str .t

t Some freedom of usage appears justified for the sake of brevity and is
! employed in thisdocument when clarity ot meaning is not sacrificed.

e
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e hinewat e o variables here arve the Pincar and angelac ve Cities, o, v

w, ['l
q oand o tnorder to solve the equations of motion et aowwe form it would

?

boe necessary to express the torces and moments in toerme of tnose variables.
itis can be done, tor example, tor a submarine or afrsif, 1o neotral trim and

With cere metacentric stability,  Such a <ship conld just o well tly upside down
or o cliate vertically.,  For ships operating on the sea surtace, however, lmportant

torcves avd moments depend on the attitude with respect to the vertical and on
the height, or dratt, The tollowing relations permit the necessary chaunge of
variables in the equations ol motion.

D= ¢ — ¢ SIN

I
it

2 COS U SIN ¢ + 6 COS ¢
* r o= pCOSH COS ¢ - & S

IN ¢

ITn additlon the vertical velocity of the origin of bodv axes, assumed to be at
the center of gravity, is

ZOC = u SIN O - v COS 68 SIN ¢ - w COY 8 COS ¢

and this relation can be used to eliminate w from the equations of motion.

After these substitutions the kinematic variables become u, v, z,4;, 8, ¢ and

v (or r).* Before a solution can be attempted it is necessary to express the
forces and moments in terms of these variables. We are thus led to consider
the matrix of the type shown for a hydrofoil craft in Figure 6-6. Each force
(or moment) component depends, to a greater or lesser degree, on each of the
kinematic variables. In most cases the strongest dependence will be repres i.
ed by elements along the principal diagonal. Thus, for example, the greatest
variation** in the normal, or z, force will result from a change in height of
the craft, zgg. We have, therefore, placed a (1) in the principal diagonal
elements to indicate this primacy.

Since | appears only in the derivative form, §, it can be replaced by r in the

wauat fons ol motion.

** - s N . : .
We arr concerned, ia the [irst place, with deviaticns of the motion from a

Steady straight path with constant speed, V, constant ani small pitch and constant
helght and with ¢, r and v all zero. Then the resultant force and moment components

deviate correspondingly from zero.
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FIGURE 6-6.

There are, moreover, a number of cross-couplings which are especially important
for stability. One may cite the yawing moment and the rolling moment due to
sideslip. These have been designated by a (2) in the matrix.

Other cross coupling effects occur which are of lesser importance and are
designated by a (3) in the matrix. It must be appreciated that the strength
of the various cross couplings is characteristically different for ships with
different types of dynamic support.

What is conspicuously absent is any strong cross coupling between the longitudinal
motion components, surge, pitch and heave, and the lateral force and rolling
and yawing moments. Correspondingly roll and yaw and sideslip are not
significantly coupled with longitudinal and normal forces and pitching moment.
It is therefore usual to separate the six equations of motionm into two groups
of three and to treat separately the longitudinal and lateral motions and

the related stabilities. This procedure must be applied with caution, however,
for there are influences which it is not possible to illustrate on the simple
matrix of Figure 6-6. For example, the relation between sideslip and yawing
moment is characteristically influenced by the pitch trim. Thus a

ship which is stable in yaw in normal trim may be dangerously unstable in a
bow down pitch attitude.
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All ships will be fitted with a rudder and some may have other control surfaces
or thrust vectoring devices, for example. Some of these devices may produce
forces and moments other than those for which they are primarily intended.

Thus an auxiliary matrix has been added to Figure 6-6 rto indicate the possible
cross couplings which may occur.

The preceding discussion has been related to the problem of expressing the
forces and moments mathematically in terms of the kinematic variables so that
solution of the equations of motion can be undertaken. What is sought is a
tepresentation of the form

Zz =12 (U, v, ZoG? 8, ¢, r, §,. 8¢, etc.)

tor the normal force, for example. In classical stability studies consideration
is limited to small deviations from steady, straight line motion or, perhaps,
from steady turning motion. Under these circumstances linear approximations

to the force functions suffice. The right hand sides of the equations of motion
are also linearized by ignoring terms such as the qw and rv in the equation

for X which are an order of magnitude smaller than 4 if the motions are small.
The equations of motion are thus reduced to linear partial diffential equations
whose solution can be obtained by algebraic methods. The solutions are in the
form

ogt _ _ _ o e Ot

8 = 0y eolt-+ 8qe ot _ o .- O¢e
for the pitching motion, for example, if the controls are held fixed and no wave
disturbances are present.

The stability is measured by the exponential factors, 0; » which must be
negative, or have a negative real part if complex, if the motion is to be
stable. A positive of results in a motion which grows exponentially with
time and represents an evident instability. Stability in all of the modes
of motion within the linear range, or at most slowly growing unstable modesf
is a requisite for satisfactory ship operation.

SIMULATION

1f there are appended to the equations of motion terms representing a prescribed
time history of rudder movement, for example, or the action of prescribed sea
waves, then solutions of the equations of motion can be obtained, by classical
methods, for the controlled or disturbed motions if they are small. It is to

be expected, however, that under severe sea conditions, or when executing a .
collision avoidance maneuver, the motions will exceed the range of validity

of the linear approximations described above. More extensive description of

*

Each value of o defines a mode. Terms with the same expontial factors appear
in all the kinematic variables, in general, though some may be missing if
appropriate force/motion cross couplings are missing, as discussed previously.

It is not uncommon for a ship to have a slightly unstable mode which affects
primarily the yaw angle and sideslip, hence the course keeping. If the motion
grows slowly enough it is not troublesome to the helmsman who must, in any

cevent, make occasional helm movements to counter the effects of wave disturbances.
It automatic steering is provided, by reference to the gyro compass, then an
additional degree of frcedom is added and an additional mode of motion appears.
Both the yaw/sideslip mode and the new, rudder angle mode must be stable under
automatic steering.
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the force/motion relations is required, trequently involving significant
non-linearities. It can quickly become very difficult, if not impossible, to
solve the cquations of motion by analytical methods. Recourse has been had,
therefore, to simulation techniques employing either analog or digital
computers. By the use of automatic plotters a time history of the motion is
obtained for prescribed initial conditions, maneuver commands and for certain
types of wave disturbances. The greatest difficulty, in fact, is the specifi~
catiou and description of the force/motion relationships for the extreme motions
which are of the greatest concern for ship safety.

The development of a mathematical simulation must therefore involve at least
the following five steps:

(i) Select rational assumptionms.

(ii) Formulate equationms.

(111) Understand the capabilities and the limitations of the simulation.
(iv) Establish methods of assessing stability.

(v) Apply the approach to practical problems.

To the naval architect the concept of stability can have only one physical
interpretation, ie. will the craft capsize or subject the crew and passengers
to dangerous motions, or not. In mathematical terms the words '"stable" and
"unstable" are used to describe the trajectory behavior of the craft. The
motion of the craft is considered stable provided the amplitudes, rates

or accelerations remain within specified limits otherwise the motion is
considered to be unstable.

Mathematical simulations which can describe the time-domain non-linearities
in all its six degrees of rigid body motion have been developed by most
commercial business companies involved in the design and construction of
high performance craft. The result, despite the advances in digital and
analog computer technology, is a tool which 1is not only difficult and
expensive to use, but it is also very difficult to validate.

In the SES program much success has been achieved in using reduced degree
of freedom (D.0O.F.) simulations. An example result of a 5-D.0.F simulation
(ROHR 31 AUG 78) is shown in Figure 6-7. The established safe limits of
craft roll and sideslip angle are shown as an envelope at the top of Figure
6~7. Within this safe envelope (which varies with craft forward speed)

the response in roll and sideslip of the craft at 75 knots to inadvertent
action of a thrust reverser is shown. The corresponding time history of
sideslip angle, roll and trim is shown at the bottom of the figure.

The stability criteria in this case requires the ship to be controllable
subsequent to any control mishandling or failure. Because the ship has been
shown to be stable over the range of available model test data, the require-
ment is considered satisfied if the simulated controlled response of the
ship does not allow motion to exceed 75 percent of the range of available
test data. This is explained further in Subchapter 3.3.3.
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6.1.5 Model Tests

Subscale model testing has become one of the most powerful tools of the
A designers of high-performance craft. Often, the most realistic and
convenient way to determine stability during design is to built a radio-
_ controlled model and perform the same (or in fact more demanding)tests as
_# would be described for the full-scale craft. In case of instability the
; worst that can happen is a damaged model. By changing design parameters and
* repeating the test series the stability can be studied and improved. With a
good understanding of the design and much experience this method will lead
to good results as has been found with the development of most British
hovercraft. But, there are also disadvantages with this method. Anyone
. who has ever built an SES or ACV scale model, for example, knows how
difficult it is to get the right stiffness, weight, weight distribution,
air distribution and location of the center of gravity etc. It often happens
that one does not have a good understanding of the concept of a design nor
experience in what happens when parameters are changed. Moreover, sometimes
it is very difficult to gain insight into the causes of stability or instabi-
lity and also the importance and the influence of scale effects, when using
such methods. Any consideration of model testing must deal with the subject
of scaling at an early stage since correct scaling is clearly vital to the
achievement of sufficient accuracy in full-scale predictions.

R RS2 T )

Since the model is subjected to the same gravitational constant as the full-
scale craft, it is necessary to scale model parameters so that the ratio of
inertial forces to gravitational forces is equal for both. This ratio is
termed the Froude Number and is equal to the, non-dimensional value of V //Ef
! where V is the ship speed, L the Length, and g the gravitational constant.

; Simple dimensional analysis shows the relationship of other parameters in
terms of the linear scale factor A.

Vs e S a1k Gt - o

The imperfections in model test arise from physical limitations of the
models and the representation of operating conditions. A summary of the ideal
scale factors and of the achievable representations of the most significant
parameters for an SES or ACV is given in Table 6-1.

It is important to note, however, that the U.K. Air Registration Board (ARB),
of the Civial Aviation Authority (CAA), have recommended in their report,
CAA JUN 75, that any ACV or SES design process and regulatory authority
acceptance process, must include model testing as a support to any theoretical
analyses, They point out that in the U.K. the amount of model testing carried
. out to date for the purpose of craft certification has depended to a large
i extent on the facilities and expertise of the manufacturer. It has been shown
that model tests will result in a reduction of full-scale trials and an
increase in confidence of the results therefrom. The type of model tests
currently employed in the U.K. are briefly described below, (CAA JUN 75).
Specifically recommended tests were identified in Chapter 3.4.2.
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TABLE 6-1. LIMITATIONS IN SCALING MODEL DATA.

SCALE FACTOR

PARAMETER CAUSE AND EEFLOCL OF INCORKE: ™ A ING
IDEAL] ACHIEVED UE ARCORIG

MUDEL

vharactertistie Length A - Manufaccuring tolerances at small scale limit accuracy of representa-
clon. For example the geumetrv ot the seals {e Iltkely to be 5% {a erroc.

Aled v -4 Errors (n the susl geometry give rige to errors in :ushion ares. A 33
error in both length and breadth makes a 10X error in area.

Mass or Weight a? v Mass and weight can be gcaled precisely but with increasing difficulcy
as the scale of che model becomas smsll.

Moment-of-inertia IR A5 lnertia can be modeled precisely if the full-scale vaslue Le knowan with

accuracy. This is not generally the case for deveiopment tests befors
the craft {s builct.

SUDEL UPERATING

CHARACT - For tests with & restrained model,only an operating poiat oa the fan
CHARACTERISTICS curve need be represented. This can be achieved with accurascy if
Life Svecem Fan Slope A~t.5 seans of neasurement and adjustaent sre provided. For dynamic tests

the . wplete lifr wystem should be modeled. However, flove are subject
to Reyuold's Number effects and oflLen a currectly scaled cheracteristic
can only be achieved by utilizing aon-scaled components. Thers is alse
difficulty in accurately characterizing a complex distribution systes,
particulary vien there are complex interactions with the supplies to

the seals.
|
Cushion Pressure A A The gage value of cushion pressure can be correctly scaled as this
depends primarily upon the wodal veight snd cushion area.
stitfness wWhere structural ¢ffects are significant, such as ta flexible seals,
(Younyg's Modulus of A i utilizing the same basic waterials at model scsle as full ecale smisrepre~

Materials) sants the deformaciovne and losds. Modifying mscterisl thickness to
compensate then migrepresancs ipnartis snd etrength.

MODEL TEST COND'TION

Atmospheric Pressure A i ideally, atmospheric preseure should be scaled whils retaining s
constant value of density. Thias 1s tmpussible. This sisrepresents the
| compressibility effacte of the 1ift system and particularly the cushioa
' and effacts the dynamic response in a complex manner. To overcome this
! problem, a cushion characteristic gyntheeizer could be daveloped. To
predict full-scsle mations, mathematical models can include the effect
but the mathesmatical representation must be proven through model test

correlation.
Ses State A \ Randoa seas can be ganerated that have spectra corresponding to mathe~
(Wave Length and Height) ‘ sathically described ieas such as the Plerson-Moskowite. However, the

| | ©  seas have a uniform transverse shape (long crasted wvaves) wvhich is oot

' ! & true representation of resl seas. A stationary or moving poiat
spectra doas not completely describe the surface of & ses and, thersfore,
the accuracy of the representation caasot be confirmed.

>
MEASURED :
CHARACTERISTICS ! | Measurements of drag are subject to the errors. introduced directly or

' indirectly, by not scaling the euvironmsnt of the test such ag atmospher-
Focrce 3 3 ic pressure. Other errors are due to non-scaled viscosity, (Reynold's

(Drag, Lifc, Sideforca, ! X Number) non-scale surface tension (Weber's Number) non-scsled pressures
Etc.) (Cavictaiton Number) wvhich affect both serodynsmic and hydrodysamic

E components of force. Other errors are introduced dus to {nterferemce

: aof the towing rig, channel width and channel depth. A4lso, che reatraints
applied to the model. These arcors ars (n addition to the errorsdue

to the limitations of instrumentstion.

e e

Stiffness(Pitch and A" -t These are modified as dlacussed sbove, Lf supply and other charactertis-
Roll) tics are not properly represented. It is difficult to assess the error
Stiffness(Heave) N e as stiffness is a function of many variables fncluding operating

conditfions such 48 dpeed ss well g3 confiyuration.

- —

Damping(Plech and Roll) | 2“-%

\
>
5

These are also modified as dis.ussed ahove and the errcrs are even more
difficult to eatimate an many paramters are involved in a very compiex

Damping(Heave) A= manner that determine dynamic responee.

—
1




A. Model Testing of Amphibious ACVs.
The dynamic model test procedures have comprised: -
(a) Towing tank tests with the model free to roll and towed beam-on

at various constant speeds, in calm water, still air with the
destabilizing roll moment required to capsize determined.

o~ s 4grmiociume ap)

(b) As (a), but in waves,

TEITIS

(c) As (a), but with the model freely decelerating from an initial
speed and with simulated following winds of various constant strengths.

{:

(d) Towing tank tests with the model free-to-surge (or sway) in large, steep,
beam waves, and with freedom in pitch, roll and heave. Tests cover
both fixed yaw and free-to-yaw conditions.

(e) Towing tank tests with the model free to pitch and towed straight
ahead, initially over calm water but encountering at least three
short steep waves to initiate a plow-in and establish plow-in boundaries.

(f) Free flight, radio-controlled operation over a range of weather
conditions. This type of test has revealed several stability problems
which 1f not corrected in the design would have caused serious problems
at full scale.

(g) Displacement mode, wallowing tests in steep, beam waves to determine
resonant conditions and capsize boundaries.

In (a) to (d) leading-side-down ballast shift has been used to cause adverse
roll, In (d) and (f) adverse control applications have been simulated,
including dynamic ballast shift, 1lift-fan speed change and control operations
at critical moments with respect to craft alignment on waves.

Investigations of types (d), (f) and (g), together with theoretical
representations, have examined the overturn situation in waves. These
have led to handling instructions to avoid incorrect craft orientation and
adverse control operation; geometric features have also been explored in
relation to behaviour at large roll angles.

Investigations of type (e) have examined the effect of varying trim angle
and CG position,

An additional test technique used at Loughborough University consists of
towing polystyrene models of craft cross-sections over a water tank.
Although no air cushion was represented it was hoped that useful comparative
results on the hard structure planing capabilities would become available.

B. Model Testing of Rigid Sidehull SES.

The ARB Committee considered that a model test program should include, as
a minimum, wallowing tests and the investigation of capsizing boundaries
in calm and rough water. They recommended the test program discussed

in Chapter 3.4.2 as the minimum desirable which would help to establish
valuable information on the capsizing boundaries.




C. ARB General Comments on Model Tests.

The ARN strongly advised ACV and SES model testing as a means of exploring
the acceptability of a particular craft/skirt design, since tests could

be contlnued right up to limiting conditions in terms of plow-in, tuck-
under and even actual overturn. Such tests could then provide guidance

in setting the limits to be explored on the full-scale craft,

T e
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1f the models are to be sufficiently representative, they should be
dynamically similar in all respects to their full scale counterparts.

This requires them to be made of special light-weight materials for both
structure and skirts, and to have correct weight distributions. Typical
dynamic models are constructed to the largest practical scale consistent
with use in available towing tanks, wind tunnels and for 'free flight'
operation. In the latter role they are equipped with gasoline engines and
have remote radio links to all the craft controls. In this respect they
can be flown in a range of locations (sheltered lake, river or offshore)
and mis-application of controls can be simulated. Models for this purpose,
which can carry motion-recording equipment, are typically 10 ft to 12 ft
long, and weigh approximately 300 1b.
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Even with such large models some slight non-representativeness is accepted
due to skirt material stiffness and weight-scaling problems. However,
correlation between model-and full-scale behaviour with regard to static
stiffness and dynamic motion behaviour has been sufficiently well establish-~
ed for models to be regarded as a basic design tool. Apart frow the safety
study tests, such models are used to assess basic speed performance and
motion behaviour during the development of new craft and new skirt configura-
tions.

LOE.. %

D. U.S. Activities.

In the U.S. considerable ACV and SES model testing has been accomplished
in support of the U.S. Navy's SES, Amphibious Assault Landing Craft and
Arctic Air-Cushion Vehicle Programs. Much hydrofoil and planing craft
model testing has also been accomplished under the direction of the U.S.
Navy's David Taylor Naval Research and Development Center. The types of
testing accomplished are summarized below:

Towing Basin Captive Model Tests

+ Straight runs at controlled speed

+ Model free in pitch, heave and roll (sometimes free in surge in waves)
« Stiffness data and plow-in boundaries obtainable

- Head seas only (sometimes following seas)

+ Plangr motion mechanism (PMM) (to derive stability derivatives)

Rotating Arm Captive Model Tests

* Maneuvering tests

+ Stability derivatives
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Maneuvering and scakeeping Basin

* Radio-controlled, frec-running models
« Auny heading to the sea is possible
= Multi-directional waves can be formed

+ Plow-in and capsize boundaries explored at minimum risk.

Water Tunnels

* Controlled atmospheric pressure

»+ Cavitation tests (effect oun control surfaces at angles of yaw)

Open Water Tests

* Realistic but uncontrollable seas
+ Use of large (manned) models possible

* Plow-in boundaries explored at minimum risk

Special Purpose Facilities

+ Ditching tanks (to test controlled impacts for SES and ACV's, etc.)

These tests have provided the basis for the simulation and criteria development
work described in BOEING MAR 77 for hydrofoil craft and in ROHR 31 AUG 78 for
the SES. Some results of the plow-~in boundary testing which supported the
AALC program (BLA JUL 79) were discussed in Subchapter 3.4.2,

Of the types of model tests which have been used for intact-stability evalua-
tion the following are considered to be the most meaningful for the eventual
development of stability standards or for judging craft acceptance for a
particular type of operation.

1. Calm and rough water plow-in boundary determination using a free-flight
model for which forward speed,c.g. location, model weight and cushion
air flow rate is systematically varied.

2. Beamon (90° sideslip) towing at various sway speeds,c.g. conditions and
cushion air flow rates to determine the destabilizing moments required
to cauge skirt tuck-under and capsize in calm water and beam waves.

3. Tests off-and on-cushion when wallowing and when traveling beam—-on in
following steep beam seas and simulated gusts to determine the environmental
and craft operating conditions required to cause a capsize.

In each case, possible differences between the model-and full-scale craft and
environmental conditions must be well understood and corrections applied if
necessary. Possible differences in model and full-scale plow-in boundaries,
for example, must be recognized as was previously discussed in Chapter 3.4.2
and i1llustrated in Figure 3-26.
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; v.l.6 Full-Scale Trials

It Is advisable that the commercial certification of any new type of dynamically
supported cratft be the subject of full-scale certification trials. TIhis should
also apply to existing designs where modifications affecting craft safety have
becn made. Proposed IMCO requirements for certification,including equivalents
and excmptions,are identified in Subchapters 1.6 through 1.8 of IMCO 14 NOV 77.
Although full scale trials are not defined as a mandatory requirement in the
IMCO proposal, certification is left up to the appropriate regulatory agency.

PPNl AL 1
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At least one representative craft of a new type should be tested before

: certification, to ensure that it is safe when handled according to the craft's
i Official Operating Manual. Ideally this should be accomplished for craft and
’ environmental conditions up to and slightly beyond the design conditions for
‘ which the craft is to be certified.

CAA JUN 75, In their discussion of ACV and SES stability, point out that

"the most serious omission at this stage of hovercraft development is that it
has not been physically possible to test for the capsizing boundaries during
full-scale trials. This is a fairly serious drawback as although a craft can
be demonstrated to be safe within the normal operating conditions, this is no
guarantee that it will be free from capsizing under slightly ‘'off-peak’
conditions. Reduction of lift-fan speed is the obvious example which keeps

3 recurring throughout the capsize experience. Without being able to establish
; the boundary, the margin of safety available cannot be known; nor can it be

: kaown 1f, under certain circumstances, a margin exists at all."

"Under ideal circumstances it should be possible to probe the capsize boundary
as a means of establishing safe operating limits. This is only possible if a
suitable margin exists between the warning of this boundary and the actual
capsize, Reference to films of free-flight model tests and experience with
some small craft show that the capsize, when it occurs, is very sudden on some
types. This is unacceptable and a margin, as yet undefined, should exist
between skirt tuck-under and eventual capsize. The CAA Committee considers
therefore that a form of safety check procedure should be developed, based on
the background available from all sources. It has been suggested that in order
to avoid full overturns, some inflated bolster arrangements might be considered
for the smaller craft. Many runabout designs are small enough to be tested
beam-on in available towing tanks although special pow 'ring arrangments may

be required.”

"For craft which are comprehensively model tested a method does exist of checking
the capsizing boundary during full-scale trials. For example, tuck-under
boundaries can be established for forward and beamon motion during model capsize
tests and minimum fan speeds established for each case. The forward tuck-under
boundary can then be checked full scale (assuming freedom from longitudinal
capsize) which would give some idea of the degree of confidence to be placed

in a more critical beam-on case. Where the advantage of model tests is not
available, a similar approach may be useful but bigger margins would need to

be applied."
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With full recognition of the above mentioned difficulties the following types
of tests are recommended as a means of judging craft acceptability. The tests
are listed in a gencral sequence of increasing risk to help ensure safe
envelope cxpansion during the trials program.

Pitch and Roll Stiffness

This is equivalent to the classical displacement ship inclining experiment.
For amphibious ACVs the test would first be conducted on-cushion, over
level~-land. The craft at design weight and cushion flow rate, would be
tethered and pitch and roll angles measured for various combinations of
off-set transverse and longitudinal C.G. locations encompassing conditions
just beyond the range expected during actual operation. Results would

be compared with the manufacturer's predictions and prior experience.(See
Subchapters 3.4.1 and 6.1.1) The behavior during transition from off- to
on-cushion and on-cushion to off-cushion should also be checked from a
safety consideration. The measurement of heave stiffness is considered
unnecessary., Similarly, the stability in the displacement mode, in still
water at zero forward speed, should be checked for all classes of craft.
Alternatively, the assessment of adequacy in this condition can be based
on the manufacturer's calculations. This approach has often been adopted

for ACVs since its raft-like buoyant structure is invariably very amenable
to analytic treatment. This is not always the case with the hull of an
SES, planing craft or hydrofoil craft in which case full scale verification
tests should be conducted. Note that some planing craft are extremely
tender in roll at zero forward speed. Note also .that for large displacement
ships, inclining experiments are conducted principally for the purpose of
determining the height of the C.G. since this is more difficult to predict
than the center of buoyancy and metacenter.

Craft Handling Qualities

The ability to safely maneuver a craft in close quarters and during turning
maneuvers at low and high speeds should be evaluated. Particular attention
should be given to the level of control authority available and any
tendencies that this might have on craft unstable behavior. For amphibious
ACVs,maneuvering trials should commence at low speed over level land. For
all craft,the transition from the displacement mode to the dynamically
supported mode should be checked. In the dynamically supported mode any
tendencies for the craft to roll-out during turning maneuvers should be
evaluated. Craft yaw response to yaw-control inputs should be evaluated
and the general work-load of the helmsman during turns in calm and rough
water assessed.

Ditching Tests
Stability in transition from the dynamically supported mode to the displace-
ment should be checked for all craft. Tests should proceed from low to

high speed. Ditching tests should be conducted at speeds up to and just
beyond those ditching speeds for which the craft is to be certified.
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D. Plow-in Tests - ACV and SES

Boundarics of combined forward speed, c.g. jocation and cushion air flow
rate should be established for the inception of leading skirt tuck-uvnder
and tor an ceventual plow-in,  Skirt tuck-under toception is typically
characterized by a pitch-down following what cratc operators refer to

as o skirt nibbling (deceleration) sensation (e, some forwarning of

a plow-in is usually present). The ability of the helwsman to arrest

a pitch-down and prevent (or reduce the severity of) a plow-in, using
appropriate control action, should be assessced. Pitch angles and cushion
pressure differentials should be measured during each test. Permissable !
operat ing boundaries should be accepted or adjusted as a result of such
tests.

The ability to tolerate the design range of c.g. travel at speeds up to
design speed without unstable tendencies (such as porpoising) should be
checked for planing and hydrofoil craft.

E. Surf and Water to Land Transition- ACV

Craft pitch, roll and directional stability during sur{ operation and
during transition from water to land (and land to water) should be
evaluated., Particular attention should be given to the available
directional control authority to prevent a broach-to in critical surf
conditions. Tests should be performed at various forward speeds relatcive
to the surf approach speed and also at various headings to the surf line.

F. Sea Trials

Sea trials should be conducted in the most severe sea conditions available

during the trials period, up to (and just beyond) conditiouns for which !
the craft Is to be certified. Tests should include wallowing at low 3
speed in beam and quartering seas. Particular attention should be given &
to the measurement of severity and fregquency of bottom slamming and the ?

extremes of angular excursions and accelerations of the c¢raft. Tests 1in
the light and overload displacement condition should zlsc be considered.

G. Simulated Failure Trials

The effect on craft stability of simulated system failures and control
mishandling should be evaluated for representative operating conditions.
The failures selecved for demonstration should, in generai, be those

which are expected to result in the largest motions to passengers and

¢rew or the highest loads on the structure without endanperiny the safety
of personnel on board during the test., The time histories of craft
angular excursifons during each test should be recorded and compared to
previously established safe boundaries similar to the envelopes discussed
and presented in Chapter 3.3.3(Figure 3-22) and Chapter 6.1.4(Figure 6-7).
Specific tests to which the Boeing Jetfoil was successfully subjected during
its certification trials are listed as follows:
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Regulatory Agency Simulated Failure Trials
(SHULTZ 75)

FOILBORNE - Rated Power - Straight Running
Forward Flaps Full Up and Full Down
Forward Strut Hard Over
Aft Outboard Flap Full Down
Aft Inboard Flap Full Down
Single Hydraulic System Failure
Single and Dual Height Sensor Failures
Gyro Synchro Failure
ACS Primary Power Failure
ACS Total Power Failure

FOILBORNE - Rated Power - Max. Rate Turn
Aft Outboard Flap Full Up
Forward Flaps Full Down

HULLBORNE - Normal Running
Single Engine Operation
Single Hydraulic System Operation




6.2 APPLICABILITY OF APPROACH

The six categories of approach to judging the stability of a dynamically
supported craft are defined in the previous subchapter and arce summarized

in Table 6-2 The first three approaches require relatively simplistic
analyvsis techniques since only static behavior is considered. The accuracy

to which analytic methods will allow the prediction of these static character-
fstics can in most cases be consldered relatively good. Some full-scale

or model-scale verification of the results should however be made available.
Approaches 4a anc¢ 4b can involve fairly sophisticated, computer-aided analysis.
Kesults of such an approach must be verified using experimental data. The

last two approaches (5 and 6) require testing facilities and time for planning,
conducting and analyzing the results obtained. This list of approaches,

1 through b, are arranged generally in increasing order of time and manpower
required to implement which also corresponds, generally, to the order in which
confidence can be placed in the results. Judging overall stability on the
basis of initial stiffness (item 1) would be relatively inexpensive but very
questionable in terms of providing assurance that the craft could operate
safely. Conversely, the conduct of full-scale trials Is unquestionably
expeunsive, but would, with some exceptions, provide the most reliable results.
As mentioned previously, a regulatory agency would, in any event, require some
type of full-scale certification trial.

TABLE 6-2. APPLICABILITY OF APPRCACH TO THE FORMULATION OF
STABILITY STANDARDS.
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In Subchapter 4.2, the types of instability and corresponding hazards to which
dynamically supported craft can be subjected, are defined. These are also

4 listed in Table 6-2 along with the specific types of craft to which they apply.
p For each type of instability, Table 6-2 indicates (by a check mark) which of
q the six approaches to standard formulation would be applicable. The rationale

for selection and applicability to the various craft types is given as follows:

; 6.2.1 Plow-In, Type A

This type of instability 1is pertinent to SES and ACVs. Because of the nonlinear
behavior of restoring moments during a plow-in, criteria based on linear stiff-
ness (item 1) or a single minimum acceptable restoring moment, (item 2) cannot

be considered adequate.

& Although an SES or ACV plow-in is decidedly dynamic in nature, it is believed

-, that adequate standards can be developed on the basis of the ratio of areas
under and between the static stabilizing and destabilizing moment curves
(approach item 3) which exist at design forward speed.

Some consideration should, however, be given to the dynamic simulation approach
4a, in which at least the surge and pitch degrees of freedom are included. This
would involve, principally, the time dependent force/deflection behavior of the
bow skirt or seal. Some work in this direction has already been fairly
successful as described in BLA OCT 77. A full 6 degree-of-freedom simulation

of plow-in (approach 4b) is considered to be excessively expensive to develop
and validate.

. s i
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Model testing is the current,almost standard,approach used for plow-in
assessment. It is a viable approach, although expensive and requires support
from corresponding full scale experience to permit reliable full scale
interpretation.

waiis? s

The identification of plow-in boundaries from full-scale tests is the ultimate
approach. To rely exclusively on this approach without support from model
testing or mathematical analysis would however be economically prohibitive

and would provide no help during the design process. As noted earlier, craft
certification does require some full-scale demonstration, but this can be
significantly minimized with the aid of prior analytic and model test support.

6.2.2 Porpoising, Type B

; An adequate theoretical approach to the prediction of porpoising of planing

v craft is fairly complex. It cannot be assessed on the basis of the static

considerations implicit in the approaches listed 1 through 3. There has been

some success with the theoretical prediction of porpoising as discussed

, earlier. These have involved at least the pitch and heave degrees of freedom.

; Approach 4a is therefore considered viable, whereas, approach 4b can be
regarded as being unnecessarily expensive.

P

The present day standard approach is to rely heavily on model testing, item 5
(see DU CANE 72)., Full scale testing (approach 6) is again the ultimate proof,
but cannot help the design process.
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v.203 Acro Pitch-Up, Type D

This tvpe of instability is considered pertinent only to very-high-gpeed
planing cratt.  Although an approach to stability assessment using initial
pltele stittaess fnformation is considered inadequate, an assessment of the
total pitching moment balance at a particular trim and the selection of an
dcceptable maximum restoring moment is, perhaps, all that is necessary.

The application of minimum acceptable area ratios for stabilizing and
destabilizing moments may well be worth investigating further but is presently
considered inappropriate.

The application of a limited dynamic simulation (approach 4a), in which
acceptance is judged on the baslis of motion within given limits, is considered
viable. The inclusion of degrees of rigidbody motion beyond pitch (and

perhaps heave) is regarded as being unnecessarily complex, and therefore approach
4b has been discarded.

[N o ok e

The standard approach used for Aero-Pitch-Up assessment is to rely on model
testing (approach 5). The wind tunnel is, of course, the ideal tool to employ,
to supplement the towing tank, in this regard. The risk of testing Aero-Pitch-
Up instability at full scale is considered to be too great.

6.2.4 Pitch-Pole, Type E

The least complex approach to developing standards for judging Pitch-Pole
instability of planing craft is considered to be in the derivation of a
minimum acceptable restoring moment/destabilizing moment energy area ratio
as described for approach 3. This type of instability is far from a common
occurrence, even for a planing craft, and little is known about the precise
events which can cause a capsize. For planing craft which are designed to
operate in very rough water, adequate top-side flare at the bow will normally
provide reserve restoring moments to resist pitch-poling which, if such a
tendency does exist, is likely to be most prevalent in steep following
seas. Approach 3 should, therefore include the affects of burying the bow
into the flank of a wave, which is a departure from the calm water
consideration normally associated with this approach.

Any truly dynamic simulation of the pitch-pole instability for the purpose

of establishing standards is considered inadvisable. 1t would be prohibitive-
ly expensive and would likely be of questionable validity without considerable
model test verification. The risk of a full-scale demonstration of pitch~pole
stability boundaries would also be prohibitive, which leaves model testing
(item 5) as the only other alternative approach.-

6.2.5 Broaching-To, Type F

This type of instability can apply to all craft considered. Because of the
very dynamic nature of a broaching event, involving at least two degrees of
freedom, no method based on static considerations is considered appropriate.
Limited and full 6-D.0.F simulations, which can examine the broaching
tendencies of SES, ACV and hydrofoil craft, have been previously developed,
and constitute viable approaches. Model tests have also been used with
considerable success. The demonstration of broaching~to limits during full-
scale trials is considered to have unnecessary risk.
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4§ 6.2,6 Tripping and/or Roll Capsize in Beam Seas, Type H

It is believed that significant guidance to preventing tripping in calm water

or capsize in beam seas (and winds), for all craft types considered,can be

gained from developing standards which govern minimum acceptable restoring

and destabilizing moment energy area ratios as per approach 3. This would

be considered the least complex viable approach, for it need only involve the

roll degree of freedom. Note that, part of the recommended fully submerged

hydrofeil stability criteria (Chapter 3.2.2) includes a required minimum

acceptable restoring moment to be exhibited by the control authority of the

foil flying control surfaces. This is assessed in a design beam sea condition.

This general approach (#2) above 1is,however, considered inadequate,at least

as far as ACVs and SES are concerned. Roll capsize boundaries derived from

: dynamic simulation (approach 4a and 4b) are also considered viable although

1 it is unknown whether any attempt has been made in the past to develop such an
approach. This leaves model testing as the remaining viable approach. It 1is
the most realistic approach having minimum risk.

1 6.2.7 Foil Broaching, Type K

The susceptability of a foil on a hydrofoil craft to broach the free surface
can only be assessed reliably from mathematical simulation or model-and full-
scale experimental testing. The development, for this purpose, of a

complete 6-DOF simulation is considered unnecessary. Representation of the
pitch, heave, roll and yaw degrees of freedom would, however, appear essential.

e s c—— o

g 6.2.8 Bottom Slamming, Type L

The susceptibility to severe bottom slamming can, at present, only be assessed
reliably from model-or full-scale testing. Considerable progress in
simulation development has taken place however, in support of the SES, ACV
and hydrofoil programs in the U.S. In each case, complex time and frequency

; domain simulations have been used to predict the deterministic severity of

: a slam and also the statistical probability of its occurrence. (See BLA MAY 79
and BLA SEP 76 for examples of work accomplished). Although developed to a
fairly advanced stage,the available tools are not, as yet, suitable for
providing inputs to a stability standard.

6.2.9 Heave-Limit Cycle, Type M

This uniquely SES or ACV phenoména can only be assessed reliably from full-
scale testing or mathematical simulation.
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7. SUMMARY AND RECOMMENDATIONS

The results of task 2 of the study of intact stability standards for dynamically
supported craft,have been presented in this report within the context of six
principal chapters, to provide the following information:

Chapter 1 {s the introduction which {dentifles the purpose and scope of tl.e
study.

Chapter 2 defines what is meant by the term "dynamically supported craft".

Chapter 3 is a discussion of stability standards and guidelines which in the
past have been used in the design of each type of craft considered in the
study.

Chapter 4 commences by defining the types of stability related hazards to which
dynamically supported craft can be subjected. An explanation of each hazard
and the rationale for their combination in certain cases is discussed. This

is followed by a description of the types of instability which dynamically
supported craft have been known to exhibit, Tables are presented to relate
unstable modes of operation to the service imposed operating hazards which

arce known to have an influence on their initiation or severity.

Chapter 5 presents a classification of craft types to provide visibility on the
variety of hull shapes, control techniques, propulsion methods and 1ift systems
that must be considered for possible uniform application of stability standards.
This chapter was included principally for input to the next phase of the

study which will involve the formulation of specific standards.

In Chapter b, six basic approaches to the formulation of stability standards

are identified. These are then classified according to their applicability

to each class of craft and type of instability considered in the study.
Recommendations are made according to the general complexity/simplicity of
application and the likely validity of the approach. The recommendations from
Chapter 6 are summarized in Table 6- 2. This shows the classes of craft to which the
same or similar intact stability standards can be applied.

A considerable body of supporting material, consisting of experimental and
analytic data has been accumulated as a result of the study. Much of this
data could not be included in the present report, but will provide inputs to
the next phase of the study.

It is apparent from the conclusions of Chapter 6, (summarized in Table 6-2 )
that the use of model test data will play an extremely important role in
standard formulation. Fortunately, in many cases,sufficient data of the
appropriate kind does exist to permit a logical continuation of this study

into phase 2. A notable and surprising exception however, is the lack of
readily available and appropriate experimental data for planing craft.
Considerable data for hydrofoil, SES and ACVs areavailable, principally

because of the extensive U.S. Navy programs which have developed and are continu-
ing to develop these cratt. Also of particular significance 1is the extensive
stability reluted experimental work which {s being conducted for ACVs by the
British Hovercraft Corporation for the U.K. Ministry of Trade and Industry.
This work is to be published in early 1980 and made available to the U.S.

Coast Guard.




Phase 2 of the U,S5.C.G. program, which has not yet been initiated, is designed
for the detailed investigation of stability parameters and for the development
of recommended stability standards for one, or more, of the categories of
craft evxamined in this present report.

Ut particular concern during this latter phase will be the selection of the
appropriate level of detail upon which to base the standards. Ideally,
standards must be both easy to use and sufficiently comprehensive to ensure
craft safe operation.

Several factors should be considered during the formulation of stability
standards.

(1) They should be selected not to further restrict the operation of
existing craft which have already demonstrated their ability to
operate at an acceptable level of safety.

(2) They should also not unnecessarily inhibit any further research
and development of such craft,

The standards should be presented in such a way that they can be used during
the design process. Standards that can only be applied by testing the full-
scale craft after its construction should be avoided 1f possible, although
full-scale verification of the standards used during design i1s a necessary
and appropriate activity.

It is understood that once specific safety standards have been accepted by
the U.S.C.G. and subsequently written into a particular Code of Federal
Regulations there exists no simple method whereby such regulations can be
changed or amended to meet the needs of a rapidly developing technology. It
is probable therefore that any such U.S. Federal Regulatory Code will be
written in general terms similar to those adopted by IMCO. The specific
stability standards which are planned to be developed during phase 2 of this
study would then be used as guidance to future craft builders and as criteria
to help regulatory agenclies judge the acceptance of a particular design.
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